Spin dynamics in molecular nanomagnets at intermediate temperatures: an NMR and [mu]SR investigation by Procissi, Daniele
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2003
Spin dynamics in molecular nanomagnets at
intermediate temperatures: an NMR and [mu]SR
investigation
Daniele Procissi
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Condensed Matter Physics Commons, Electromagnetics and Photonics Commons,
and the Other Physics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Procissi, Daniele, "Spin dynamics in molecular nanomagnets at intermediate temperatures: an NMR and [mu]SR investigation "
(2003). Retrospective Theses and Dissertations. 740.
https://lib.dr.iastate.edu/rtd/740
Spin dynamics in molecular nanomagnets at intermediate temperatures: An 
NMR and /uSR investigation 
by 
Daniele Procissi 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Major: Condensed Matter Physics 
Program of Study Committee: 
Ferdinando Borsa, Major Professor 
Walter E. Anderson 
Marshall Luban 
Gordon J. Miller 
Constantine Stassis 
Iowa State University 
Ames, Iowa 
2003 
Copyright © Daniele Procissi, 2003. All rights reserved. 
UMI Number: 3118254 
INFORMATION TO USERS 
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
UMI 
UMI Microform 3118254 
Copyright 2004 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
ii 
Graduate College 
Iowa State University 
This is to certify that the Doctoral dissertation of 
Daniele Procissi 
has met the dissertation requirements of Iowa State University 
For t Major Program 
Signature was redacted for privacy.
Signature was redacted for privacy.
iii 
Tito Lucrezio Caro (Roma 97-51 b. C.), DE RERUM NATURA, 55-90. 
Quo magis in dubiis hominem spectare periclis convenit adversisque in rebus 
noscere qui sit; nam verae voces turn demum pectoreab imo eliciuntur et 
eripitur persona, manet res. Denique a van ties et honorum caeca cupido quae 
miseros homines cogunt trascendere finis iuris et interdum socios scelerum 
atque mimistros nodes atque dies niti praestante labore ad summas emergere 
opes, haec vulnera vitae non minimam partem mortis formidine aluntur. 
Turpis enim ferme contemptus et acris egestas semota ab dulci vita stabilique 
videturet quasi iam leti portas cundarier ante; unde homines dum se falso 
terrore coadi effurgisse volunt longe longeque remosse, sanguine civili rem 
confiant divitiasque conduplicant avidi, caedem caede accumulantes; crudeles 
gaudent in tristi funere fratris et consanguineum mensas odere timenttque. 
Consimili ratione a b eodem saepe timore macerat invidia ante oculos ilium 
esse potentem, ilium aspedari, claro, qui incedit honore, ipsi se in tenebris 
volvi caenoque queruntur. intereunt partim statuarum et nominis ergo. Et 
saepe usque adeo, mortis formidine, vitae percipit humanos odium lucisque 
videndae, ut sibi consciscant maerenti pedore letum obliti fontem curarum 
hune vincula amicitiai rumpere et in summa pietatem evertere suadet. Nam 
iam saepe homines patriam carosque parentis prodiderunt, vit are Acherusia 
templa petentes. Nam veluti pueri trepidant atque omnia caecis in tenebris 
metuunt, sic nos in luce timemus interdum, nilo quae sunt metuenda magis 
qua m quae pueri in tenebris pavitant finguntque futura. Hunc igitur terrorem 
animi tenebrasque necessest non radii solis neque lucid a tela diei discutiant, 
sed naturae species ratioque. 
iv 
Tito Lucrezio Caro (Roma 97-51 b. C.), ABOUT NATURE, 55-90. 
Men must be judged in the face of danger and of difficult challenges; adversity 
reveals their value: only under such conditions the truth may emerge from the 
inner parts of their being and thus the mask, which conceals their face, is torn 
o f f ,  l eav ing  on l y  wha t  i s  r ea l .  The  lu s t  f o r  wea l th ,  t he  b l i nd  de s i r e  f o r  
recognition and honor, often push men to disregard the boundaries of what is 
right and what is not, to the extent that they become accomplices to crimes 
and are constantly and obsessively seeking material fortunes. This deviated 
behavior arises mainly from a great and profound fear of death. In fact it is 
common belief and conviction among the people, that to live in misery during 
ones life is equivalent to living near the doors of death every instant. For these 
men, the only way to escape this empty and unjustified fear is to constantly 
and obsessively search for new means by which they can acquire new material 
wealth; in doing so, men inevitably commit horrible deeds against their fellow 
human beings. As their fortune increases, as they accumulate luxurious goods 
they also double the number of criminal acts, and often they rejoyce in front 
of the misery of their brothers. It is this same fear of death which is also 
responsible for the gelousy that they feel toward each other. Many are lead to 
complain about the fortunes of their neighbors: that person has power; that 
one has undeserved recognition; this other one walks between people, honored 
and cherished, with no justification. Ultimately the common feeling among 
these jelous people is, that themselves are deprived of such priviliges and 
possibilities. So they end up finding their only consolation in a variety of 
different ways, some through the empty love and adoration for a statue and its 
name, usially perishing in the process, others slowly die a miserable death 
without ever being aware of the fact that it is this fear of death that makes 
them miserable, that same fear that destroys everything, virtue, friendship, 
V 
solidarity. Infact many have betrayed their loved ones when confronted with 
the realms of death. Ultimately they behave as little children in the dark, 
trembling and frightened by shadows, which are not reality but only the 
product of their own imagination. This unjustified fear of death, of this 
darkness, can not be removed or lifted by the rise of the new day and by the 
new light but only through a dedicated and profound investigation of nature 
in all its manifestation. 
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1 INTRODUCTION 
In recent years progress in the field of molecular chemistry has allowed the fabrication of 
many different molecular structures in which one can control the number and position of a 
few ions with a magnetic moment [l]-[3]. These magnetic moments interact mainly through 
antiferromagnetic and/or ferromagnetic exchange interaction. This interaction energy is pro­
portional to the relative alignment of neighboring spins through an exchange parameter J: 
E ~ - Jsi • S2 [4]. The inter molecular coupling interactions are normally negligible and for 
this reason the measurements of the magnetic properties of a bulk sample usually reflect those 
of a single common molecular unit. In addition each molecule is identical to the other and its 
orientation within the crystal is well known. In essence we can consider the fact that the overall 
magnetic properties are ascribed entirely to these few magnetic moments. When the thermal 
energy of the system of spins is smaller than the dominant exchange interaction (&gT < J) 
their configuration can be characterized by a single total spin St- One can visualize this state 
from a classical point of view by considering the spins aligned one in respect to the other 
and pointing in the same direction if J < 0 or in opposite direction if J >0. Depending on 
the topology and on the sign of J (J >0 antiferromagnetic, J < 0 ferromagnetic) this total 
spin St ground state is magnetic (see for example Fe4, V15, Mn3, V6 where the competition 
between different exchange pathways leads to a ferrimagnetic behavior) with a non-zero total 
spin St ^ 0 while in others we will have a non magnetic St — 0 ground state (see for exam­
ple Fe30, V12, Cr8, FelO, Fe6). The feature that makes these molecules interesting to study 
resides in the fact that, in principle, one can control the relative intra-molecular distance of 
the magnetic moments, their intrinsic angular momentum or spin s, the type and intensity of 
their interactions J and their position within the molecule. 
2 
Theoretical prospects for magnetic molecules 
For the reasons outlined above one can understand how these molecules represent in many 
cases ideal "model" systems which can be used to investigate fundamental issues in nanoscale 
magnetism both from a theoretical and experimental point of view. Let us review some of 
these issues. 
i) Physical representation of the system: in the most general and simple case one can describe 
any system of localized spins using a Heisenberg Hamiltonian given by 
i j  
In order to account for the presence of an external magnetic field Ho one must add a Zeeman 
term to the Hamiltonian 
In some cases the presence of an additional anisotropic interaction deriving from different 
sources, [5], is responsible for a zero field splitting of the magnetic levels and for a variety of 
effects that can be measured. In particular for those molecules with St ^ 0 the anisotropy 
can lead to a bistability of the magnetization orientation and at very low temperatures to 
superparamagnetic behavior [6]. The magnetic properties of these systems can in principle be 
calculated exactly by direct diagonalization of the matrix corresponding to the spin Hamilto­
nian given by Eq. 1.1 plus Eq. 1.2. The total number of states and thus the dimensionality of 
this matrix is given by (2s +1)^, where N is the number of spins considered and s the intrinsic 
spin value. In principle one should calculate and diagonalize a matrix with these dimensions. 
It is clear that this computation is not feasible when dealing with conventional magnetic ma­
terials where the number of spins is large (N ~ 1023). On the contrary in the case of the 
molecular magnets, such as the ones considered in this thesis, the number of spins is relatively 
small (N ~ 3 - 30) and therefore the actual computation becomes much easier to perform. 
Additionally one can further simplify the calculation by using symmetry considerations [l]-[3]. 
The measured physical quantities (susceptibility, specific heat, nuclear spin-lattice relaxation 
rate etc) can then be compared to the theoretical predictions obtained through these first 
(1.1) 
(1.2) 
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principle calculations. 
ii) Classical quantum behavior: the fascinating boundaries between classical and quantum 
physics can be explored experimentally through various techniques. In particular, since we can 
"choose" the type of ion and therefore the value of the intrinsic magnetic moment associated, 
we can in principle compare the magnetic properties of molecular magnets comprised of spins 
with s = 1/2 (the system of spins is considered to behave as a quantum object) with those with 
s > 1/2 (the system of spins is considered to behave as a classical object). By experimentally 
measuring the magnetic properties as a function of external field Hq and temperature T one 
can actually compare the different experimental results for the "classical" systems and the 
"quantum" systems. 
iii) For the case of the ferrimagnetic St ^ 0 molecules one can observe interesting quantum 
effects, such as incoherent quantum tunneling of the magnetization [7],[8]). At very low tem­
peratures JcbT « J, it has been shown that it is also possible to experimentally observe 
coherent quantum tunneling of the cluster magnetization. For the case of the molecules with 
St = 0 it has been suggested that coherent tunneling of the local Neel vector could also be 
observed by microscopic techniques such as nuclear magnetic resonance [9],[10]). 
These non magnetic Sy = 0 molecules can also be experimentally investigated to study the 
field dependence of the magnetic energy levels. In particular one can experimentally search 
for level crossing effects of the energy levels at low temperature for specific values of the exter­
nal magnetic field using a variety of different techniques. This was done successfully through 
macroscopic magnetic measurements and microscopically for the first time through nuclear 
magnetic relaxation measurements on a molecular antiferromagnetic ring of 10 iron ions [11]. 
In this case the spin lattice relaxation rate measured at T ~1.5K and as a function of field 
between 1 and 20 Tesla showed definite peaks in correspondence to the expected critical cross­
over magnetic field values thus providing a direct proof that the nuclei directly probe the 
dynamical hyperfine fluctuations of the electronic spins. 
iv) At intermediate temperatures [ksT ~ J) the correlations among the few spins in each 
molecule become increasingly significant and one can investigate the intriguing physics under­
4 
lying the collective behavior of a simple many-body system (i.e. the simplicity arising from 
the fact that it is a many body system constituted by a finite number of spins). In essence one 
can view the whole process as a "condensation" into an St ground state. 
Technological applications of the magnetic molecules 
From a technological point of view these molecular magnets are ideal candidates for a 
variety of different technological applications. Let us just mention some of these potential 
applications. 
i) Data Storage: today's need for data storage is the driving force behind the search and 
development of new magnetic materials. The magnetic molecular clusters examined in this 
thesis can in principle be considered ideal candidates for the realization of high density magnetic 
memory devices. In particular those molecules that exhibit a low temperature magnetic ground 
state St ^ 0 with a bistability of the magnetization arising from anisotropic interaction could 
be used as quantum bits for storage of information on a molecular level. 
ii) Quantum Computation: it has been widely demonstrated how a quantum computer can 
outperform any classical computer in factoring numbers and in searching a database [12],[13]. 
The major obstacle to the realization of such a device lies in the difficulty of manipulating 
quantum objects at a microscopic level. Molecular magnets are among the most promising 
candidates as quantum objects to be used as quantum bits [14]. They can be used as logical 
devices, such as bits and gates, implemented at the level of an individual single molecule with 
total spin ST, theoretically permitting calculations that would exploit quantum interference 
effects within the computer itself [15]. 
iii) Magnetic resonance imaging: molecular magnets can be used as image contrast agents 
for magnetic imaging techniques. In fact in many cases they exhibit a low chemical toxicity 
while still maintaining the magnetic properties that can be used in nuclear magnetic resonance 
imaging to modify the local relaxation rates and enhance the image [16]. 
iv) Biological modeling: magnetic molecules can be used to model the magnetic behavior of 
many biological systems. As an example, by using them as models one can hope to understand 
5 
the properties of metalloproteins, like ferritin, which contain superparamagnetic particles of 
iron oxides or those of other biological objects such as in magnetotactic bacteria [1], which use 
superparamagnetic magnetite particles in order to optimize their feeding opportunities [17]. 
These are only a few of the possible applications of molecular magnets. 
Thesis objective and outline 
For all the above reasons it is essential to completely understand the physical magnetic 
properties of these systems. This understanding can be achieved by a wide and consorted exper­
imental effort which relies on a variety of techniques both on a macroscopic and a microscopic 
level. Just to mention some: static and dynamic susceptibility, specific heat, torque magne-
tometry to measure the macroscopic magnetic properties; x rays, elastic and inelastic neutron 
spectroscopy, electron paramagnetic resonance, nuclear magnetic resonance, Môssbauer spec­
troscopy, muon rotation spectroscopy for the microscopic magnetic properties. The present 
work will focus specifically on investigating the quantum spin dynamics using microscopic nu­
clear probes as a function of external magnetic field and in varying ranges of temperature. 
In order to assess the differences and similarities we will study and describe a wide variety of 
different molecular magnetic clusters and rings both with magnetic and non magnetic ground 
state. The experimental techniques employed and discussed in this thesis are mainly: nuclear 
magnetic resonance (NMR) and less extensively, muon rotation spectroscopy (MusR). More 
specifically our main concern in this thesis has essentially been to try and interpret this ex­
tensive amount of nuclear magnetic resonance experimental data and to characterize its main 
features in a general perspective which lacks at present a complete and understood theoretical 
framework. 
The first step in trying to build a consistent and organic picture of the different experimental 
results presented in this thesis consists in differentiating between the two types of molecular 
nanomagnets investigated. 
(a) Molecular antiferromagnets with low-T ground state SY = 0, (Chapters 5, 6, 7 and 8) 
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(b) Molecular ferro and ferri-magnets with low-T ground state S t ^ 0, (Chapters 9, 10, 11 
and 12) 
The comparison of the results in different type of molecules is particularly suitable to in­
vestigate fundamental issues of quantum magnetism, which we have introduced in the previous 
paragraphs and which we summarize here : 
(i) to investigate the link between classical and quantum behavior of low dimensional systems 
(ii) to explore the bridge between microscopic magnetism and collective effects in macroscopic 
structures. 
(iii) to understand the role of spin topology and dimensionality in determining the dynamic 
microscopic properties of these systems. 
(iv) to investigate fundamental quantum phenomena. 
(a) Molecular antiferromagnets: St = 0 
Molecular antiferromagnets represent an interesting class of molecular magnets. In these 
compounds the antiferromagnetic (AF) near neighbor exchange interaction leads to a non 
magnetic total spin St = 0 ground state. Among these the high symmetry ones, the so called 
magnetic molecular rings, are particularly suitable to investigate several different issues in the 
realm of one dimensional magnetism. Materials containing very long chains of magnetic atoms, 
such as TMMC, have of course long been known [18]. Molecular nanomagnets, however, are 
sufficiently small that the effects of cyclic geometry can manifest itself in the observed magnetic 
properties. In particular due to the finite size, these rings have well-defined magnetic energy 
levels. In fact it has been shown that at first approximation one can describe the energy level 
scheme of antiferromagnetic rings using Lande's formula 
ES =  —ST{ST + 1) (1-3) 
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where P = N is the number of spins and J is the exchange parameter [19]. In zero 
field the first excited state is the St = 1 state the second St = 2 etc. In this thesis we will 
consider nuclear magnetic resonance results pertaining to various types of these AF molecular 
magnetic rings. We will also report works concerning another type of AF molecule, namely 
Fe30. This molecule which is a molecular quasi-sphere comprised of 30 iron ions, also exhibits 
a non magnetic ground state and one can employ a similar formula as the one given by Eq. 
1.3 to describe the magnetic energy levels [20]. Table 1.1 lists all the properties of the anti­
ferromagnetic molecules investigated in this thesis, the value for the exchange parameter was 
obtained by fitting the susceptibility data as a function of temperature. 
ion spin s N |J|(K) 
V12 v4+ 1/2 4 17.6 
Feso Fe3+ 5/2 30 1.57 
Fe6 Fe3+ 5/2 6 28.8 
CsFeg Fe3+ 5/2 8 22 
Feio Fe
3+ 5/2 10 13.8 
Cr@ Cr3+ 3/2 8 17.2 
Table 1.1 Shown in the table are the different molecules with S t = 0 
ground state. The corresponding ion, spin value S, number of 
spins and exchange constant J are also listed. The chemical 
formulas can be found in the appendix. 
Let us briefly describe the contents of each chapter outlining the specific area of interest 
which it addresses. 
In chapter 5 we report a study of the spin dynamics of a dodecanuclear polyoxovanadate V12 
cluster [21]. This system is comprised of 12 vanadium atoms arranged in a stack of three V 
squares. The top and bottom squares form strongly antiferromagnetically (AFM) coupled sin­
glet states at room temperature and below and thus are believed not to contribute significantly 
to the magnetic properties of the cluster at T < 300K. Thus V12 behaves as a prototype of a 
s=l/2 Heisenberg tetramer. For this reason the V12 molecule represents a prototype of meso-
scopic quantum spin ring. The comparison of the NMR data for V12 with the data of other 
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classical rings (s > 1 /2) is important in the perspective of investigating the spin dynamics and 
the link between classical and quantum regimes. In addition to this one can test the prediction 
that at low T the nuclear spin lattice relaxation rate should decrease exponentially as the 
temperature is lowered yielding the same gap parameter A as obtained from the susceptibility 
data. Since the first principle calculation of the spin-spin pair and auto correlation functions 
for a system of four spins s = 1/2 on a square is relatively simple one can also test the validity 
of the predictions by direct comparison with the experimental data. In chapter 6 we compare 
the :H NMR relaxation data of different rings [22], [23]. The main element which emerges from 
this work is the presence of a critical enhancement of the nuclear spin lattice relaxation rate as 
a function of temperature with a maximum occurring at some temperature Tq. The essential 
idea of this chapter is to show, by defining a quantity Tf */xT and a reduced temperature 
T* = T/TO, how one can establish experimentally the universality of this critical enhancement 
effect. The details of a theory which can explain this feature is presently being developed. 
In chapter 7 we report proton NMR measurements on the Fe30 icosidodecahedron [24]. Al­
though this molecule is significantly different from the AF rings mentioned previously, the spin 
dynamics shows the same universal features, i.e. the nuclear spin-lattice relaxation rate versus 
T exhibits a sharp increase as the temperature is lowered with a maximum for To J. 
The energy level scheme described by Eq. 1.3 is modified by an external magnetic field, which 
lifts the degeneracy of the magnetic energy levels. At some specific field values He, which 
depend on the type of molecule under consideration one can observe a level crossing of such 
levels. In other words, the ground state of the molecule can be changed by the field, from 
ST = 0 to St = 1, then from St = 1 to St = 2, etc. In most cases of interest the value of the 
applied external field used in the nuclear magnetic resonance experiments was not sufficiently 
strong to allow for such field induced transition to be observed in the available experimental 
setups. In Chapter 8 we report muon spectroscopy experiments at very low temperatures 
(T ~ 20mk)and the NMR experiments performed on two variants of the Fe30 molecule as a 
function of field. In virtue of its very small energy gap (see Table 1.1) one can easily achieve 
the required critical field value (He — 0.24T). The drawback resides in the fact that the exper­
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iment must be performed at very low temperatures in order to reasonably be able to yield any 
reasonable result. For this reason the experiments were performed using muon rotation spec­
troscopy techniques (see Chapter 4 for details on the muon rotation spectroscopy techniques 
and on the experimental parameters of interest). The muons have been shown to probe the 
same microscopic magnetic properties as the protons do [26]. For this reason we attempted to 
observe directly the effect of the predicted cross over or anti cross over of the magnetic levels 
on the experimental parameters measured as previously done through NMR on a different 
sample [11]. Also in this chapter the nuclear spin-lattice relaxation rate of the original sample 
of Fe30 was compared to the data for a chemical variation of the same sample in order to asses 
the effects of spin topology on the microscopic magnetic properties. In Fig's 1.1, we show the 
structures of some of the molecules with Sr=0 which we have studied and reported in this 
dissertation. 
10 
(b) Molecular ferro and ferri-magnets: S t ^ 0 
The main feature that distinguishes these types of molecules from the ones described in 
the previous chapter is the fact that due to the sign of the coupling between neighboring spins, 
due to the topology and value of the spins, one obtains a ground state which is magnetic, i.e. 
St 7^ 0. This fact together with the presence of an anisotropy of the system leads to the so-
called single molecule magnetic behavior, in which magnetic bistability is observed at the level 
of a single molecule with very slow relaxation of the magnetization at very low temperatures 
and evidence of quantum tunneling of the magnetization. 
The most famous examples of these types of molecule are the well known Mnl2 and Fe8 clus­
ters [6], [27]. Both compounds exhibit a low temperature ground state with a large value of 
the total spin St = 10. For this reason much experimental work has been devoted to these two 
molecules in the latest years and a great amount of information has been obtained regarding 
their magnetic properties. In this thesis we report various experimental investigations per­
formed on various different single magnetic molecules with St ^ 0 both with Ising anisotropy 
as in Mnl2 and Fe8 and without. In chapter 8 we report the findings relative to the molecular 
cluster Fe4 [28]. This relatively small cluster falls into the category of clusters such as the 
Mnl2 and Fe8 (i.e. large Ising anisotropy and magnetic bistability). Although it has a smaller 
anisotropy that leads to lower temperature superparamagnetic freezing, the simplicity of the 
system makes it interesting fro an investigation of the spin dynamics. In chapter 9, 10 and 
11 we report NMR data on different prototypes of triangular arrangements of spins [29], [30], 
[31]. The interest in these molecular clusters resides in the fact that in virtue of their exchange 
pathways (i.e. their spin topology) they represent ideal models of frustrated triangular sys­
tems. For this reason they allow the investigation of the role played by such spin arrangements 
and thus frustration on the microscopic spin dynamics as studied through nuclear magnetic 
resonance. We will present the results pertaining to three different spin "triangles": 
(1) a cluster of fifteen vanadium ions with spin s = 1/2 (V15); 
(2) two variants of a molecular cluster comprised of six vanadium ions with spin s = 1/2, 
arranged as two separate equilateral triangles (V6); 
11 
V12 
Figure 1.1 FelO, Fe6, Fe30, Cr8 molecules. 
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(3) and a molecular system made up of 3 Mn ions (one Mn(III) ion with s  =  2 and two Mn(II) 
with s = 5/2) also arranged in a triangular configuration. 
The interest in these molecules resides essentially in the possibility of investigating the 
influence of spin topology and spin value on the intermediate temperature spin dynamics by 
comparing the experimental nuclear magnetic relaxation measurements in the three cases. 
One can observe some interesting features in the spin-lattice relaxation data. Furthermore 
the fact these systems are relatively simple makes them ideal model systems where the energy 
eigenvalues and all the thermodynamic quantities can be calculated in closed form. Shown in 
Fig. 1.2 we show some of the molecules with ground state St = 5 studied and reported in this 
thesis. 
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Thesis organization 
In the following chapters we will introduce the main concepts and ideas involved in the 
study of quantum spin dynamics . We will address the main theoretical results which have 
been used to describe the spin dynamics in different temperature regimes (Chapter 2). Then we 
will address the theoretical relationships between the nuclear magnetic resonance parameters 
measured and the electronic magnetic properties which we want to explain (Chapter 3 and 4). 
In essence we will try to address the question "How are NMR (MusR) measurements able to 
provide information regarding the electronic spin dynamics in molecular magnets?" . Then we 
will present the various experimental works which have been perfomed on the various types of 
molecular magnets. Each work will be presented as a separate chapter in the paper format it 
was published in (Chapters 5 through 12). Finally we will provide a synthetic summary of the 
results and a brief discussion of the conclusions (Chapter 13) 
14 
Fe4 
WYë 
V15 
Figure 1.2 Fe4, V6, and V15 molecules. 
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2 SPIN DYNAMICS IN MAGNETIC SYSTEMS AND CORRELATION 
FUNCTIONS 
The spin dynamics, i.e the spatial and temporal evolution of a configuration of a system 
of spins, can be studied through the spin-spin correlation function. This spin-spin correlation 
function relates the random spin fluctuations at different sites and different times and allows 
one to investigate the correlations between them. These correlations are a consequence of 
the various interactions (exchange, dipolar etc etc) which couple different spins in the system 
[1], [2]. The issue of investigating the spin dynamics of the system is essentially the issue of 
studying the time evolution of the spin-spin correlation function through different experimental 
techniques as a function of the external magnetic field HQ and temperature T. We will review 
some of the major theoretical results concerning correlation functions and spin dynamics and we 
will introduce the main ideas that allow us to relate the nuclear magnetic resonance parameters 
to such quantity [3]-[5]. 
Spin-spin Correlation Function 
The " correlation" among spins in different sites of a rigid lattice is due to several different 
types of interaction (exchange interaction, dipolar interaction, spin-orbit). This correlation 
can be represented by a correlation function 
G^( f i j , t )=<s? (0 )# )> ,  (2 .1 )  
where the symbol < ... > represents a statistical average, fy is the relative distance between 
different spins, a and 7 are the different components of each spin (i.e. a and 7 can be x, y, z). 
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The time evolution of sj  is governed by the spin Hamiltonian h s  
g?(() = e+^/%g«(o)e-^.. (2.2) 
One can then write the statistical average as 
where Tr represents the trace of the operator, (3 = 1/ksT. This function, represented by 
Eq. 2.3, gives the probability of finding a spin in the j-th site of the lattice at time t with a 
particular value of its component 7 knowing the value at time t = 0 of the spin component a 
at site i. Prom an experimental point of view one is often interested in the Fourier transform 
of Eq: 2.3: 
/
+00 
'dt. (2.4) 
-00 
This quantity represents the spectral density of the spin fluctuations and is directly connected 
to the experimental parameters measured with the nuclear magnetic resonance technique, [6], 
as we will show in the following chapter. 
Spin Hamiltonian 
The complete spin Hamiltonian h s  shown in Eq.'s 2.1-2.3 is given by 
hs — hex + éd + ha + hz, (2.5) 
where 
= (2.6) 
ij 
is the exchange Hamiltonian term, j  is the exchange parameter and can take positive or 
negative values depending on the type of interaction (J > 0 for antifferomagnetic and J < 0 
for ferromagnetic). 
(si • sj) (s; - rjj)(sj • ry) 
n 4 4 
(2.7) 
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is the Hamiltonian term which represents the dipolar interaction between two spins separated 
by a distance r.y. 
is the Hamiltonian term which takes into account the non isotropic interactions between the 
spins. These contributions come from many possible different sources (crystal field, spin-
orbit coupling, single ion anisotropy etc [1], [2]), D is a tensor and contains all the different 
contributions. Finally in order to take into account the effect of an external magnetic field one 
must add a Zeeman term 
where FIG is the Bohr magneton and HQ is the external field. Once the explicit form of Eq. 
2.5 is known one can proceed to obtain an expression for the spin-spin correlation function 
through Eq. 2.3. 
Spin-spin correlation function in terms of collective variables 
In describing the spin dynamics in strongly correlated spin systems one normally adopts 
a formalism in terms of collective q-variables [3]. This approach is particularly useful for 
describing collective effects in the vicinity of phase transitions (T ~ Tc where by Tc we 
denote the critical magnetic transition temperature [2]) in the case of many body system 
of spins. There are many different cases of magnetically ordered systems depending on the 
"dimensionality" of the interactions (ID, 2D, 3D) and on the "dimensionality" of the intrinsic 
spin values of each magnetic ion (i.e. the number of components of the spin s). Since the 
molecular magnets considered in this thesis and the many others that have been studied and 
reported elsewhere, exhibit a wide variety of these properties (i.e. different spatial and spin 
dimensionality), it is useful to give a brief description of the main formalism of collective 
variables even though a description in q-space may not be entirely applicable for the case of a 
finite number of interacting spins. 
By introducing the Fourier representation of the spin components in reciprocal space in a 
(2.8) 
Hz — -g^B Si ' Ho, (2.9) 
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manner analogous to that employed in describing the normal modes of an harmonic crystal we 
write: 
1 (2.10) 
(2.ii) 
3 
1 
where n is the number of spins considered. If we assume a translational invariance of the 
lattice the correlation function can be expressed as 
G*%,f) =< s?a7(f) >= 2] < (2.12) 
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and in reciprocal space 
F"W) =< a2X(t) >= E < ^^(() > (2.13) 
ij 
The space-time Fourier Transform of the correlation function in Eq. 2.13 gives the dynam­
ical structure factor: 
3^(q,w) = f^(q, (2.14) 
This quantity represents the spectral density of spin fluctuations in reciprocal space. In 
order to study spin fluctuations in magnetic systems one must predict the behavior of the 
correlation function under a variety of external conditions and for different model systems. 
One can show that the dynamical structure factor given in Eq. 2.14 is a real function and 
its parity is even in respect to time t [3]. Various different experimental techniques (nuclear 
magnetic resonance, neutron spectroscopy, Môssbauer spectroscopy) allow one to verify the 
theoretical predictions and at the same time suggest new ones. 
Spin Dynamics at high temperature 3> J 
If we consider a system in which the predominant interaction is the exchange interaction 
represented by J, one can consider the high temperature approximation regime if the term 
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e~H"/kBT in Eq. 2.3 is — 1. This occurs approximately for ksT |J|s(s + 1). Under 
this condition one can show that the spin-spin correlations are isotropic and thus the single 
component correlation functions are 
G+(nj, f) = t) = ^). (2.15) 
(i) Gaussian approximation for the autocorrelation function in 3D system 
In the case of a tridimensional lattice it has been shown [7], that by making use of a short 
time Taylor expansion of Eq. 2.1 one can predict a Gaussian behavior for the time dependence 
of the correlation function 
G^(% f) =< sf (0)3?(f) >= l„(s + l)e-i/2"Lt\ (2.16) 
where 
"e, = 8J2^+1>. (2-17) 
uiex is the exchange frequency of the system and sets the time scale for the temporal evolution 
of the correlation function (t <C ), z is the number of near neighbor spins for each i—th 
spin. The short time prediction given by Eq. 2.16 can also be employed to describe long time 
behavior of the correlation function. In fact this is justified in tridimensional spin systems 
because one can argue that the fluctuations of the single spins can propagate in all the direc­
tions (i.e. the interaction between neighboring spins has different pathways) and therefore the 
correlations among the spins decrease more rapidly than in lower dimensional systems. Thus a 
Gaussian description as in Eq. 2.16 is applicable. In lower dimensionality lattices, on the other 
hand, the fluctuations can only propagate along planes or chains and therefore the correlations 
among spins will persist also at longer times. Under these conditions one must resort to other 
theoretical approaches. 
(ii) Spin dynamics and the diffusive approach 
In the case of lower dimensionality spin systems experimental results and theoretical predic­
tions suggest that the spin dynamics is dominated by a diffusive behavior of the spin excitations 
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[7]. By assuming a diffusive behavior of the spin excitations, one can predict a time dependence 
for the correlation function for spin systems with different dimensionalities d. In particular 
one can show that in the case of a one dimensional system of spins (ID linear chains of spins) 
the autocorrelation function is Gû7(i) oc i-1/2, in the case of a bidimensional (2D planar ar­
rangements of spins) spin system Gai(t) oc t~l [7]-[13]. One can also obtain the temporal 
behavior for the tridimensional spin system using the spin diffusion approach. This appears 
to be Gai(t) oc t~z/2 which is consistent with the long time decay of a Gaussian given by Eq. 
2.16. The corresponding spectral densities obtained through Fourier transform of the time 
dependent correlation functions (as in Eq. 2.4) leads to the spectral densities of the type: 
J2 (w)ocw-&,  d  =  l  (2 .18 )  
J%(w) oc -in(w), ....d = 2 (2.19) 
J^(w) oc const., d = 3 (2.20) 
One must note the fact that in the case of the low dimensional spins systems Eq.'s 2.18 and 
2.19 predict a divergent behavior as u> —> 0 which is observed experimentally. It must be noted 
that there are limitations to the applicability of the spin diffusion model in describing the 
dynamics in real spin systems. These limitations occur because the diffusion model requires 
certain conditions which are not always fulfilled in real systems. In particular one can attribute 
the deviation from a diffusive model to two physical causes: 
(1) the spin Hamiltonian h s  in Eq. 2.5 which determines the time evolution of the system of 
spins may contain anisotropic terms that are not negligible. The effect of these terms is to 
destroy the conservation of the total spin St (i.e. the commutation relation [S^, iïs] ~ 0 is no 
longer verified). Under this condition the diffusive model is no longer applicable. 
(2) Chains and/or planar arrangements of spins are isolated from one another only in principle. 
In fact there will always be a small inter-chain and inter-plain dipolar interaction which, after 
a sufficiently long time (t > tex), will render the spin dynamics tridimensional. 
To take into account these effects, which are observed experimentally, one usually defines a "cut 
off" time tcutoff • For t > tcutoff the decay of the correlation functions is much faster and the 
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corresponding spectral densities actually can be replaced by a constant value for uj < LUCutof f, 
where u'cutoff is the "cut off" frequency. 
(iii) Spin dynamics in finite size systems: phenomenological ^-behavior of the 
spin-spin autocorrelation function. 
For the case of finite size systems we can use an approximate phenomenological model to 
describe the temporal behavior of spin-spin autocorrelation functions. This model is based 
on previous works [7]-[9] and [11]. Here we will summarize the main ingredients. The main 
idea consists in considering the behavior of the autocorrelation function as mainly governed 
by the exchange interaction among the spins. This interaction is responsible for the rapid loss 
of correlation among spins. Let us ignore the spatial dependence of Eq. 2.1 and thus let us 
express its time dependent part as 
where ivex is the exchange frequency and is given in Eq. 2.17, A oc s'2 and the constant 
T is proportional to the number of spins in the system, as shown in [8] and [9]. The spin 
dynamics at short times is essentially defined by the intensity of the exchange interaction 
(i.e. ujex ). The predicted long time asymptotic behavior (F =const). is associated with the 
fact that due to the finite size of the system the correlation among spins never "dies" down in 
principle. In real systems the ideal long time asymptotic behavior is modified by the presence of 
anisotropic terms in the general Hamiltonian which we have discussed previously and which do 
not commute with the main Heisenberg Hamiltonian. The effect of these terms is to eventually 
send the correlation function to zero. Based on this consideration we can take into account 
these dissipative effects by introducing a cut off time Tcutoff — ^cutoff a^er which the auto 
correlation function decays to zero 
g{t) = Ae~ tu>ex + T, (2.21) 
(2.22) 
since the cut off time Tcutoff >> Tex we can rewrite Eq. 2.22 as 
(2.23) 
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The Fourier transform of Eq. 2.23 gives the spectral density of fluctuations, which can be 
expressed as two Lorentzians 
a(w) = r )), (2.24) 
-/O X W + ^ ex 10 +wcutoff 
where uj e x  — T e x  and uj cutoff — Tcutoff -
Spin dynamics at low temperatures: <C J 
When the condition ksT <C J is fulfilled one can employ the low temperature approxi­
mation to describe the spin dynamics of the system [3]. This low temperature approximation 
consists essentially in adopting a collective variable approach or spin wave picture to describe 
the excitations of the spin system in its lowest lying ground state. In essence a spin wave 
consists of a single spin flip propagating throughout the lattice. Since the spins are quantized, 
these excitations are also quantized. Consequently, they are often referred to as magnons [3]. 
In the limit T —> 0 one can write an expression for the dynamical structure factor SQ7(qu;) 
given by Eq. 2.14 in the form 
g^(qw) = S"T(q)d(w - w,), (2.25) 
and the time Fourier transform of Eq. 2.25 gives 
/
+00 
S"?(qw)e^dw = S*T(q)e^, (2.26) 
-oo 
where u)q is the frequency that corresponds to an excitation mode of the fluctuation at a specific 
reciprocal vector q. In essence the spin wave approximation allows one to treat the system 
as a a set of modes that behaves like a system of independent harmonic oscillators and thus 
allows the calculation of the correlation function if an explicit form of spin Hamiltonian and its 
symmetries is known. In order to obtain an expression which can be used at T ^ 0 one must 
also account for the fact that small interactions among the different excitations will eventually 
destroy the independence of the set of harmonic oscillators. Therefore the 8 function in Eq. 
2.25 must be replaced by a Lorentzian, which accounts for the fact that the excitations will 
eventually decay in time. 
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3 NUCLEAR MAGNETIC RESONANCE AS A PROBE OF SPIN 
CORRELATION AND SPIN DYNAMICS. 
Various experimental techniques allow the study of the dynamical structure factor derived 
in the previous chapter and given by 
3*^(4,w) = 5] (3.1) 
We will focus on nuclear magnetic resonance and on the measurement of nuclear magnetiza­
tion relaxation parameters such as the spin-lattice relaxation time Ti, the spin-spin relaxation 
time T2 and the spin-lattice relaxation time in the rotating frame T\P [1], [2], These nuclear 
magnetic parameters are directly related to the spectral densities of the spin fluctuations at 
u> ~ lûl and/or uie and thus to the dynamical structure factor given in Eq. 3.1. 
Nuclear spin-lattice and spin-spin relaxation rates: Tf1 and T^1 
The general principles of nuclear magnetic resonance are widely known [1], [2], In this 
paragraph we will give a brief review of the main concepts. 
We can define the nuclear spin relaxation times through the phenomenological Bloch equations 
that describe the evolution of the nuclear magnetization components 
(MYHZ  -  MZHY)  -(3.2) 
% = 7(M,#, _ M=*a) - (3.3) 
^ = 7(M,#% _ M„a=) - (3.4) 
where H is made up of the static external and longitudinal field HZ  = Hq and the oscillating 
transversal  HI — HX ; Y .  Mq is  the equilibrium longitudinal magnetization directed along Hq .  T i  
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and Î2 are the characteristic recovery times respectively of the longitudinal Mz and transversal 
magnetization Mxy. We can also define the nuclear relaxation times in the following way: 
1) the spin lattice relaxation time T\ as a measure of the rate at which the the system of nuclear 
spins exchanges energy with the lattice (all degrees of freedom different from the system of 
nuclear spins) in order to regain its equilibrium magnetization in an external field Hq; 
2) the spin-spin relaxation time T2 as the characteristic time it takes the system of spins to 
change their phase in respect to one another due to spin spin interactions [1], [2], 
In a nuclear magnetic resonance experiment we induce a non-equilibrium occupation of the 
Zeeman levels using a radio frequency (rf) pulse at resonance, the evolution of the nuclear 
magnetization is governed phenomenologically by Eq.'s 3.2, 3.3 and 3.4. In order to establish 
a relationship with the relaxation times T\ and Tg we will consider the master equation which 
governs the population difference of the Zeeman levels after the rf pulse. This is given by 
(3-5) 
at n 
where Nm is the population of the energy level Ern and Wnrn is the transition rate probability 
for the transition m <-> n. Since the longitudinal magnetization is proportional to the relative 
population of each level 
Mz{t) = inTi^2 < m\Iz\n > Nm(t), (3.6) 
n 
we can show that relaxation rate Wnm is directly related to the nuclear spin lattice relax­
ation rate T^1 given in Eq.'s 3.4. In particular for spin I = 1/2, Eq. 3.5 gives two equations 
which predict an exponential decay with a time constant that is the spin-lattice relaxation 
time 
— = 2W+1/2^-i/2, (3.7) 
Therefore the problem of calculating Tj-1 is essentially reduced to calculating the transition 
probability between two Zeeman levels |l/2 + 1/2 > and 11/2 — 1/2 >. 
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Spin dynamics through nuclear magnetic resonance: "weak collision" and "strong 
collision" approximation 
The nuclear spin relaxation is due to the time-dependent part of dipolar and spin-lattice 
Hamiltonians [1], [2]. A general approach relating the relaxation rates to the spectral densities 
of the motions modulating the various lattice functions is the "weak collision" theory [3]. In this 
approach the time dependent Hamiltonian terms are treated as time-dependent perturbations 
causing transitions between the stationary energy levels of the spin system and the assumption 
is made that the correlation time r of the fluctuations are much shorter than the nuclear 
relaxation time so that many elementary processes of fluctuation are needed to relax the 
magnetization. When this assumption breaks down we must employ the "strong collision" 
theory [4]. In this approach the assumption is made that approximately only one jump of the 
atom is needed to relax the a nuclear spin. We will in general use the "weak collision" approach 
in all our calculations, treating the time dependent interactions between the nuclear spins and 
the " lattice", (the other degrees of freedom of the system) as perturbations. This assumption 
allows us to obtain an expression for the transition probability between unperturbed nuclear 
states Wnm with n and m corresponding to Iz = +1/2 and Iz = —1/2 in the case of a nuclear 
spin I = 1/2 (1H). In the following discussion we will consider only the "lattice" as made up of 
the electronic spins and we will neglect any other possible contribution to the relaxation (for 
example those coming from phonons). In this framework we can think of the system as made 
up of only nuclear spins and electronic spins. If we also take into account the presence of an 
external field then we can describe the electron plus nuclear spin system completely through 
the following Hamiltonian. 
Let us consider each term in Eq. 3.8. The first term in Eq. 3.8 is Hs. This term is the 
complete electronic spin Hamiltonian and is given in Eq. 2.5 as 
H = Hs + Hn + Hen. (3.8) 
Hs = Hex + Hd + HA + Hz, (3.9) 
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where HE X  is the exchange term given in Eq. 2.6; HP is the dipolar interaction term given 
in Eq. 2.7; HA is the anisotropic hamiltonian term given in Eq. 2.8; HZ is the electronic 
Zeeman term given in Eq. 2.9.  The second term in Eq. 3.8 is  the nuclear spin Hamiltonian HN  
which consists only of the Zeeman term (HN = HZN = -g/Mrl-H). This is associated with the 
fact that in most cases the interaction between the nuclei and the crystal is negligible. The last 
term, HEN, represents the hyperfine coupling between the nuclear spins and the electronic ones. 
Since the electronic spins fluctuate rapidly in time and faster than the nuclear spins we can 
consider HEN to be a time dependent term and the main contributor to the nuclear relaxation 
mechanism. In most cases involving molecular magnets this coupling term represents a time 
dependent interaction which is usually much weaker than the ones represented by other terms 
in the Hamiltonian. Therefore we can work in the "weak collision" approximation, which 
we have defined at the beginning of the paragraph, and thus adopt standard time dependent 
perturbation theory to obtain explicit expression for the relaxation times. We will not consider 
in this thesis other cases in which this approximation is no longer valid, even if there are some 
exceptions involving molecular magnets with a magnetic ground state in the limit of zero 
external field and very low temperature. These limiting cases, (where the "weak collision" 
approximation is no longer fulfilled), occur at very low temperatures when the spin system 
is in its magnetic ground state with total spin St ^ 0 and/or when the local field at the 
nuclear site is extremely high (see for example the case of Fe8 where at 0.5K the local field is 
Hioc ~ 55T, [5]) and the fluctuation times also become very long. Under these circumstances 
we can no longer use the standard perturbation theory and must rely on the "strong collision 
approach" [7]. In this perspective let us consider the electron-nuclear interactions represented 
by the term HEN in more detail. In most cases this interactions will consist of a nuclear-electron 
dipolar interaction H^edip and of a contact interaction term gven by He-
"(li -sj) (Ij •rîj)(sj Tjj) t t  g2 hb hn 
H Nedip — r, / , 
y 
and 
r? r? 
' %j < %j 
(3.10) 
HE = ^ Ii • Ay • Sj, (3-11) 
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the combined effect of these two interactions can be written as 
£en = £l.Trsj, (3.12) 
3 
where Tj is symmetric tensor which represents the interaction of the nuclear spin I with the 
electronic sj. We can explicitly write the tensor components as: 
I?S = Af + 7e7„E2f^-î|ij, (3.13) 
where Xj are the various components of rj, the position vector of the jth spin in respect 
to the nuclear one. The two terms shown in Eq. 3.13 correspond to the contact hyperfine 
interaction term and the dipolar interaction term given by Eq. 3.10 and 3.11 respectively. We 
can then write Eq. 3.12 in a more compact form by introducing an expression for the local 
hyperfine field at nuclear site due to the surrounding electron spins 
H;(i) = £TV-s,-, (3-14) 
3 
which can be used in Eq. 3.12 to give 
Hen = £ [IzHf + i(/+HT + 7-H+)], (3.15) 
i 
where H+ = H, + iHy and H = Hx — iHy are the local hyperfine field components. If 
we consider the term given by Eq. 3.15 as the perturbation term we can then calculate the 
transition probability Wnm as a function of time t between the two states | +1/2 > and | —1/2 > 
W+i/2^_i/2 = ^ < H+(t)H-(0) > (3.16) 
where w# is the nuclear Larmor frequency. In Eq. 3.16 we have the correlation function of 
the local fields generated at the nuclear site by the electronic spins, G{t) ~< H+(i)H~(0) >. 
This quantity can be expressed as a linear combination of spin-spin correlation functions < 
s"(t)sj(0) > with coefficients related to the geometrical details of the interactions (i.e. to 
the tensor T in Eq. 3.13). Furthermore in order to have an expression for the transition 
probability Wnm which is time independent, we must be able to measure the relaxation on a 
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time scale AT 3> 1/cujv- If this condition is met we can extend the integration limit to ±00 
in Eq. 3.16 [7], [8]. Once we have determined the time independent form of Eq. 3.16 we can 
obtain Tj-1 directly from Eq. 3.7. In particular, if we assume that the dominant mechanism 
for inducing nuclear relaxation is the time dependent dipolar interaction between the nuclear 
magnetic moments with those of the electronic spins we can obtain an expression for Tfx: 
= 2^A^(a + 1) / °° < st(f)g-(0) > + ... 
u 
r+°° 
... + A, / < #X(0) > (3.17) 
J — oo 
< Sj  ( t ) sZ (0) > is the equilibrium time correlation function for the 7 (— x,  y ,  z ) component 
of the spin operators for the pair of spins at sites i and j, < ... >= (1 /Z) Tr |e~/3// (,..)j denotes 
the canonical ensemble average, ay and foj are geometric coefficients which contain the angles 
6j and <fij (taken in respect to quantization axis parallel to external magnetic field). In the 
case of a dipolar interaction they are expressed as 
1 a - 300^)11 - 3cos2 ,,) + W 9i Sm2dj _ 
24 r; -r j  o  r t  Tj  
A, - «4* - *,). (3.19) 
ri rj 
This will be the starting point for all our theoretical interpretations unless otherwise specified. 
In a similar manner we can obtain the equivalent expression for the spin-spin relaxation time 
T2_1 by introducing a time dependent perturbative term associated with the rf field pulse [1], 
[2]. We then obtain 
1 r+oo 
?2 1 = 22Y + 1) £{£y J < sf(*)sj(0) > dt+ ... 
r+00 
/
0
< sf(t)s~(0) > dt}, (3.20) 
where the geometrical coefficient flij is given in Eq. 3.19 and the geometrical coefficient tij is 
given by 
1 (1 -3  cos 2  0i)( 1 - 3 cos2 Oj) 1 Ai A j 
" 12 r?r? 12^^' +  7% 2  
1  2^2 -  (3 -21 )  
33 
Theory of NSLR Tj 1 and T2 1 in terms of collective variables 
We have shown that by introducing the Fourier representation of the spin components in 
reciprocal space in a manner analogous to that employed in describing the normal modes of an 
harmonic crystal we can obtain an expression for the spin-spin correlation functions in terms of 
collective variables q. This is particularly useful in the proximity of magnetic phase transitions 
and/or when correlations among spins become more significant. We have shown how the the 
space-time Fourier Transform of the correlation function represented by Eq. 2.13 gives the 
dynamical structure factor: 
S«T(q,w) = £ Fy-wt) = f^(3, (3.22) 
j  J—OQ j  J-OO 
This quantity represents the spectral density of spin fluctuations in reciprocal space. Let 
us now extend such formalism to the description of the nuclear magnetic resonance spin-lattice 
relaxation rate T-f1. Using the spin component representation in reciprocal space we can 
rewrite Eq. 3.17 and Eq. 3.20 as linear combinations of the dynamical structure factors 
^ 2^^(3 + 1) ^ + 6,g'(q,ww)), (3.23) 
and 
^ + (e,^(q,0) + 6„S+(q,0)), (3.24) 
where aq and bq and eq are simply the Fourier expansions in reciprocal space of the geo­
metrical factors given in Eq.'s 3.18, 3.19 and 3.21. 
ai = Yl aije^'rii ) (3-25) 
ij 
^ = (3.26) 
ij 
ij 
We have established that the nuclear spin lattice relaxation rate temperature and field de­
pendence is governed by the temperature and field behavior of the electronic spin spin pair 
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and auto correlation functions. Therefore to obtain an expression for the relaxation rate we 
must focus on this behavior. When the correlation among interacting spins is negligible we 
can adopt some simplifications in order to evaluate an expression for the relaxation rate. This 
condition of low correlation can occur in the limit 4(1. In this case one can express the 
dynamical structure factor as 
w) - w), (3-28) 
•ng fiBu> 
where x"™7(tl) is the generalized dynamic susceptibility [9]. By integrating equation 3.28 
in the frequency domain and by using Kramers-Kronig relations we find that the correlation 
function in reciprocal space at time t = 0 can be expressed as 
F^(q, 0) =< a2,(0)s;(0) >= _%x'^(q, 0). (3.29) 
ft9 Ms 
In this picture we can study the spin dynamics by studying the ^-dependent properties of 
the generalized dynamic susceptibility. Additionally we can further simplify the expression for 
the correlation function by separating the time dependence of the correlation function: 
F^(4, t) =< 32,sJ(() >= -nrrx'"7(q, oW(f), (3.30) 
TI"5 MB 
then the dynamical structure factor becomes 
3«T(q,w) = E < "-WW > = -%x'^(q,0)*^(w), (3.31) 
j -'-oo Kg MB 
where $q(w) = 4>q{t)dt. Using the expressions Eq. 3.23 and Eq. 3.31 we finally obtain 
... + ^ (q)x*(q)$qW], (3.32) 
where CJJV = 7TV-HO e u>e = 7C #o is the Larmor frequencies of the proton and of the Fe ion, 
respectively, g is the Lande factor, is the Bohr magneton, ks is the Bolztmann constant, 
x(q) is the generalized ^-dependent, spin susceptibility and $q(w) is the spectral density of the 
collective spin fluctuations. 
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The coefficients A- (q) e a z(q) axe the Fourier transforms of the spherical components of the 
product of two dipole interaction tensors describing the hyperfine coupling of a given proton 
to the Fe moments. The symbol ± and z refer to the components of the Fe spins transverse 
and longitudinal with respect to the quantization direction which is here the external magnetic 
field. 
For the specific case of the molecular magnets considered in this thesis and for the specific 
nature of the nuclear magnetic resonance measurements performed on them (i.e. 1H NMR) 
we can consider some additional simplifications. More specifically since we are measuring 
the nuclear spin-lattice relaxation rate of a large number of protons distributed in different 
locations within the molecule we can reasonably assume that the geometrical factors given by 
Eq. 3.18 and Eq.3.19 are averages over all positions and orientations. Therefore in Eq. 3.32 
the geometrical factors expressed in q space will not depend significantly on different values of 
q. Therefore we can set 
A±(q) = A-, (3.33) 
A*(q) = A*. (3.34) 
(i) Tj-1 in the low correlation regime: kst  »  j 
In the regime of weak correlations among spins, (high temperature 
also consider the magnetic response of the system to be isotropic and 
Xz(q) = %(q). We can then rewrite Eq. 3.32 as 
\ &aT^%(q){l4^(wc) + ... 
\V47rg h b )  q 1 
• •• + Az3>q(iujv)}, (3.35) 
Furthermore we can assume that all q components of the static susceptibility and of the 
spectral density of fluctuations are equal and ^-independent therefore we obtain 
:  kst  »  j),  we can 
thus set l/2x±(q) = 
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r
" 
= (^^)2tsrx(q = 0)[5Ai$±("e) 
... + ^ 0'(WN)], (3.36) 
It is clear from Eq. 3.36 that we can establish a direct proportionality between T^1 and 
the macroscopic susceptibility % of the system only if we can consider that the contribution 
from q values different from zero do not affect the susceptibility. 
If on the other hand the static correlations are important i.e. %(q) is g-dependent we can still 
establish this proportionality as long as $q(w) is ^-independent. In this case we can write 
... + A=@*(w*)], (3.37) 
where %(q) = %(r, 0) is the static local susceptibility. 
(ii) Tj-1 and the strong correlation regime: T ~ Tq 
Another condition that enables us to evaluate the relation between the susceptibility and 
the nuclear spin-lattice relaxation rate is the presence of strong correlations, as in the case 
where we are in the vicinity of a phase transition (or in the presence of short range order 
in low dimensional systems). In this case we may utilize the static and dynamic scaling, [9], 
whereby: 
x(q, 0) = x(qc, o ) f (q /k) ,  (3.38) 
and 
o/jt 
$q(w) = ^/(w/r„), (3.39) 
1 <? 
where qc is the critical wave vector driving the phase transition (qc = 0 for ferromagnets, 
qc = Ti/a for antiferromagnets) and Fg is the critical correlation frequency for the fluctuations 
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at wave vector q and k =  l / ip  is an inverse correlation lenght. Then the NSLR rate in eq. 3.32 
can be written as 
Real space and time expression for 7\ 1(T,H). 
In the previous section we have used a model based on the collective variables q to obtain 
Eq.'s3.36, 3.37, 3.40. These expression establish a direct proportionality between the spin-
lattice relaxation rate and the magnetic susceptibility of the system. The requirements that 
allow the use of expressions for describing the data are met in specific situations: (a) when 
the temperature is high enough to render the coupling interaction between spins negligible; 
(b) some special case associated with the topology, symmetry and dimensionality of the spin 
system; (c) in the presence of critical effects which enable us to use scaling laws and thus find 
an expression for T^1 . An alternative approach is to provide an expression for Tf1 and its 
temperature and field behavior in real space and time starting from equation 3.17. In order to 
do this we will use some simplifying approximations as we did in the previous approach. Since 
we are working with many different protons in different sites we can consider the geometrical 
coupling coefficients given by equation 3.18 and equation 3.19 as independent of ij, a.{j = a 
and fa = /?, where a and f3 are averages over all orientations and positions of the spins. These 
coefficients can be factored out of the sum in equation 3.17 and estimated independently from 
the spin dynamics. Thus equation 3.17 can be rewritten as: 
The fundamental next step is to discuss the spatial and temporal dependence of the correlations 
functions which govern the overall temperature and field dependence of the nuclear spin lattice 
relaxation rate. As shown the most general spin-spin correlation function is given by Eq. 2.2 
(3.40) 
< sf (f)jf(0) > + 
(3.41) 
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which we give here again 
,(-0Hs) e(iHat/h) sae(-iHat/h) ga Tr 
<  s f ( t ) s f  > =  — T r  j e ( ^ ) j  ( 3 " 4 2 )  
where HS  is the Hamiltonian of the system and is given in Eq. 5.6. The time evolution of the 
spin components sf(t) = e(«s«e(~»W1) is governed in general by this total Hamiltonian 
HS. The explicit calculation of 3.42 is thus a problem of diagonalizing the Hamiltonian HS and 
finding the time evolution of each spin component. This way we can obtain the Tf1 field and 
temperature dependence from equation 3.17. 
Spin-spin correlation function for an isotropic Heisenberg spin systems 
Let us consider a very simple case in which we assume that the only significant Hamiltonian 
term in Eq. 2.5 is the one corresponding to the Heisenberg exchange interaction in Eq. 2.6, 
i.e. the time evolution of the corresponding correlation function is governed principally by a 
isotropic interaction represented by the Hamiltonian 2.5. The matrix elements of the local spin 
components between eigenstates of the total cluster spin system are < n\ and < m\, where 
we can consider the eigenstates as those of a pure Heisenberg Hamiltonian, i.e. < n\ =< 
StotMsf(SiS2...SN)\- Thus we obtains 
< ,?(#(0) >= , (3.43) 
n 
which allows us to write 
Tf1 = < n\s?±\m X m\^±\n > 8{En - Em - (w# - ive)) + ... 
ii' nm 33 
... + B < n\s{\m >< m\s%\n >}S(En - Em - 13En' (3.44) 
n 
The strict conservation of energy requirements of equation 3.44 arises from the fact that 
we have considered a pure Heisenberg exchange Hamiltonian and we have neglected all non 
isotropic contributions to the time dependence of the correlation function. In order to actually 
describe the coupling of the electronic spin system with the crystal lattice we must consider 
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these additional effects. We can do this by assuming a phenomenological broadening repre­
sented by a function J(ui). In equation 3.44 we substitute the 5 fucntion with J(u>) and we 
obtain 
The explicit calculation of 3.45 can be in general complicated, the complexity increasing 
with the number of spins in the system, the number of exchange pathways and the topological 
configuration of the spins. Nevertheless in many cases an explicit expression could be obtained 
to describe the experimental data. We will give an example of an explicit calculation of the 
auto and pair correlation functions for the simple system of four spins s = 1/2 on a square in 
chapter 5. 
Ph~){A < n|s4|m >< m|s^|n > J(\ojn - we|)) + 
jj' nm 
... + B < n\s{\m >< m\sJz'\n > J(ujm)}/^exp(-/3S„) (3.45) 
n 
where J(u>) is defined as 
nm 
(3.46) 
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4 MUON SPIN ROTATION AND SPIN DYNAMICS. 
General introduction to the muon spin rotation technique 
Muon spin rotation (yuSR) is the other spin-based method discussed in this thesis. We will 
only give a brief overview of the technique and refer to [1] for additional information. It can be 
used with both negative and positive muons, with the latter version being used most extensively 
because negative muons are absorbed into bound states in the atoms of the material where they 
measure internal atomic properties rather than solid state related phenomena; furthermore, 
they decay very rapidly by capture by the nuclei which limits the observation time. 
The positive muon /i+ is a particle with spin i = 1/2, a magnetic moment of 8.90/xjv, which is 
3.18 times that of the proton and a mass of aboput 0.11 mp (where mp is the proton mass). Its 
mean life is 2.2fjs. The fact that it can be obtained in beams with very high spin polarization, 
as well as its half-life and magnetic moment, makes it very well suited to spin precession 
spectroscopy. Since the muon is not a natural constituent of any material but is an impurity in 
the sample into which it is introduced, it differs from the nuclear measuring probes encountered 
in NMR. Muons can be implanted in 10~9s, which is short compared to their lifetime. They 
are produced in a particle reaction and time zero is defined as the time when the particle enters 
the sample to be studied. The spin precession is monitored by observing the positrons emitted 
in the decay of the muon. 
The positive muons are produced in the weak decay of pions by the process 
7r+^/i+ + ^. (4.1) 
The pions are obtainable as secondary beams from various reactions involving high energy 
particles (see [1]). the muons produced in the pion decay (Eq. 4.1) are emitted isotropically 
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in space if the pions are at rest. Because of the non-parity conserving properties of the weak 
interaction decay, the neutrino spin will be in the opposite direction to its momentum p„ 
to ensure momentum conservation. Ideally, therefore, the muon is 100 per cent spin polarized 
with respect to the propagation direction. 
(i) Observation of spin motion in //SR. 
The decay of the muon is also a weak interaction process: 
The decay energy is shared by the positrons and the neutrinos v11 and V(j. The positrons 
emerge with a maximum energy of 52 MeV and the positron distribution is peaked at about 
35 MeV. A discriminating circuit is used to eliminate positrons of low energies. 
The angular distribution W (6) of the emitted positrons is strongly anisotropic with respect 
to the muon spin direction. This asymmetry has a maximum at Ec+ = Emax, because the two 
neutrinos are then emitted in exactly the opposite direction to the positron. Since the positron 
has positive helicity and the spins of the two neutrinos add up to zero it is easy to see that 
the positrons must be emitted predominantly in the direction of the muon spin. If positrons 
of all energies are detected with equal probability, there still remains a (lower) anisotropy in 
the angular distribution which theoretically has the form 
where atQieor = 1/3 is the asymmetry parameter. 
Since often the polarization of the muon beam is never 100 per cent one expects a asym­
metry parameter of about 0.25. 
If a magnetic field H is applied perpendicular to the muon beam (equivalent to the initial po­
larization direction), the muon spins will precess in the plane perpendicular to H, a situation 
completely analogous to spin precession in nuclear magnetic resonance. Instead of observing 
an induced voltage in a detection coil as in NMR, the muon spin precession is detected as a 
-» e+ + f + z/c- (4.2) 
W{6) = 1 + oq cos 6, (4.3) 
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periodically varying intensity in positrons detectors placed in the precession plane. The am­
plitude of the precession signal is equal to the anisotropy factor ao- Positrons are detected 
with 100 per cent efficiency, and, combined with the high degree of initial polarization, this 
means that spin spectroscopy on muons can be made with only a very limited number of muons 
introduced into the sample, usually of the order of 107-108. 
(ii) Longitudinal detection system for /iSR 
There are different detector arrangements suitable for a variety of different experimental 
needs. The detector arrangement used to collect the /iSR data presented in this thesis was 
the longitudinal set-up. This consists essentially in placing detectors along the muon beam 
direction upstream and downstream of the sample to be studied. The backward positron tele­
scope is provided with a hole to allow passage of the incoming muon beam. This arrangement 
is suitable for monitoring the decay of the muon polarization P(t) which is reflected in the 
decrease of the initial (t = 0) forward-backward asymmetry Nz(0) = Nz+(0) — Nz-(0) in the 
positron counting rate, where Nz+ and Nz- are given by 
Nz±(t) = [1 P(t)] + background, (4.4) 
where No is the initial number of muons at instant t = 0. The longitudinal detection ar­
rangement can be used for zero field //SR, i.e. without the application of a magnetic field 
(in practice terrestrial magnetic fields or stray fields for the accelerator have to be eliminated 
at the sample position by using compensation coils), or for longitudinal field /lxSR where a 
Helmholtz coil produces a magnetic field along the polarization (beam) axis. This arrange­
ment is particularly suited to study the relaxation of the muon spins due to the interaction 
with random magnetic fields from surrounding nuclear or ionic dipoles in the solid. In Fig. 4.1 
we show the arrangement of detectors in the spectrometer at ISIS (Oxfordshire, UK). 
Time dependence of the depolarization function P(t) 
A comprehensive discussion of the depolarization function is out of the scope of this thesis, 
thus we will briefly limit ourselves to two specific cases: (i) depolarization function in the 
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presence of a distribution of inhomogeneous static fields; (ii) depolarization function in the 
presence of random paramagnetic fluctuations of the ionic spin s. In many cases one must 
account for both effects on the data and therefore we give a brief mention of both cases. 
(i) P ( t )  and static field distribution: Kubo-Toyabe formula. 
In the longitudinal setup the natural quantization axis is parallel to the beam, which is also 
the direction of the polarization. When the muon feels a distribution of randomly oriented 
static fields the precession occurs around the local axes with polar angles & with Gaussian 
distributed precession frequencies w«. The result of an angular average of 
Piz(t) = cos2 Si + sin2 Si cos(wif), (4.5) 
is 
< Piz(t) >= 1/3 + (2/3) cos[uiit), (4.6) 
and averaging over the frequency distribution gives the Kubo-Toyabe formula, [2] 
f^(t) = (l/3 + (2/3) (l - AY) (4.7) 
where 
A2 = 72 < H?oc x > +72 < Hfoc y  > +72 < H?oc z > . (4.8) 
(ii) P ( t )  and time dependent paramagnetic fluctuations: depolarization rate A 
The presence of random fluctuations of the paramagnetic ions is responsible for the expo­
nential time dependence of the depolarization function which can be expressed as 
^(() = (4.9) 
where A represents the depolarization time and is closely related the nuclear spin-lattice relax­
ation rate Tf1 and thus the formalism needed to derive the properties of fluctuating magnetic 
surrounding from the relaxation of the muon polarization is the same as the one for NMR. For 
this reason a /xSR study of the spin dynamics must proceed from a detailed study of the T and 
45 
H dependence of this quantity A. 
It has been found useful, in some cases, to use a general stretched exponential expression of 
the type 
%(f) = (4.10) 
The stretched exponential expression itself has a physical background in the random potential 
models for relaxation in spin glasses [3]. 
Since the muons are in sensitive probes of the magnetic fluctuations t one can adopt the same 
formalism given in Chapter 2 to associate the decay of the polarization P(T) to the spin 
dynamics processes. The main difference and advantage of Musr over NMR resides in the fact 
that no external magnetic fields have to be applied that could interfere with the relaxation 
processes and also complicate the magnetic coupling situation. 
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Moriied 
muon beam 
Cryoelat 
Detedon 
Figure 4.1 Depicted is the MuSR 32-detector SR spectrometer which can 
be rotated through 90° to enable both longitudinal and trans­
verse measurements to be made. Fields of up to 2000 G can 
be applied, and sample temperatures in the range of 50mK to 
1000K can be produced using a variety of sample environment 
equipment. 
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5 MAGNETIC SUSCEPTIBILITY AND SPIN DYNAMICS OF A 
POLYOXOVANADATE CLUSTER V12: AN NMR STUDY. 
A paper has been submitted to Phys. Rev. B 
D. Procissi1, B. J. Suh, A. Shastri , P. Kôgerler, I. Rousochatzakis, M. Luban, F. Borsa. 
Abstract 
We report susceptibility and 1H nuclear magnetic resonance (NMR) measurements in a 
dodecanuclear polyoxovanadate cluster with the formula complex 
(NHEt3)[VgyV4 Asg04o(H20)]H20 =(V12) [2]. The susceptibility of this cluster can in a 
first, good approximation be described by considering only its central square of localized 
V4+ ions and treated by an isotropic Heisenberg Hamiltonian of four spins 1/2 coupled by 
nearest-neighbor antiferromagnetic interaction with J ~ 17.6K. In this simplified description 
the ground state is nonmagnetic with Sy = 0. The 1H NMR line width (FWHM) data depends 
on both the magnetic field and temperature, and is explained by the dipolar interaction be­
tween proton nuclei and V4+ ion spins. The nuclear spin-lattice relaxation rate Tf1 (NSLR) 
behavior in the temperature range (4.2-300K) is similar to the behavior of yT vs T and it 
does not show any peak at low temperature contrary to previous observations in AFM rings 
with higher spin values. The results are explained in terms of a simple phenomenological 
model which is shown to be obtained from the exact starting formula of Tj-1 under certain 
approximation. From the T dependence of T^1 at low T (2.5K< T <4.2K) we have obtained 
a field dependent gap which obeys a simple linear law ANMR = AQ — Q^BH with the gap 
Ao — 17.6K in agreement with the susceptibility data. Below 2.5K the proton T^1 contains 
1 Primary researcher and author 
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additional contribution which indicates the presence of fluctuations in the singlet ground state 
incompatible with the simple St structure. 
(I)Introduction 
Magnetic polyoxovanadate clusters are a very interesting class of high nuclearity spin sys­
tems in which a few magnetic moments are strongly coupled by exchange interaction and are 
arranged in a vast variety of both geometrical and spin structures [1, 2]. Within this class of 
molecules the (NHEts^Vg^VyAsgO^BhO^H^O (V12) cluster is comprised of 12 vanadium 
atoms arranged in a stack of three V squares as shown in Fig 5.1. In each of the top and 
bottom squares two V(3d) electrons are delocalized over the four V centers and thus form 
strongly antiferromagnetically (AFM) coupled singlet states at room temperature and below 
and for this reason they do not contribute significantly to the magnetic properties of the cluster 
at T < 300K [2], The central square of V4+ ions, on the other hand, forms a square of s=l/2 
localized moments coupled by an almost isotropic AFM nearest-neighbor exchange interaction 
J = —17.6 K (the energy level scheme is shown in Fig. 5.3). Thus V12 behaves as a prototype 
of a s=1/2 Heisenberg tetramer. The investigation of the spin dynamics of this molecule over 
the whole temperature range and for different values of the external magnetic field is of interest 
because one can follow the evolution from the high temperature limit of uncorrelated paramag­
netic spins (ksT » J) to the low temperature limit of collective behavior in the total St = 0 
ground state (ksT < J). In fact the nuclear magnetic resonance (NMR) of protons probe the 
spin dynamics of the system since the protons in the molecule are coupled to the V4+ electron 
spins via nuclear-electron dipolar interactions. In particular the proton spin-lattice relaxation 
rate T-f1 is proportional to the low frequency part of the spectral density of the electron spin 
fluctuations [3], As pointed out in a preliminary report on V12 [4] the low spin value (s—1/2) 
of each magnetic moment makes this system a good quantum counterpart of several other 
investigated molecular cyclic systems with high spin value (s—5/2), i.e. classical spin [5, 6], In 
the present paper we report a detailed proton NMR investigation of the spin dynamics of the 
model spin tetramer aimed at testing the following issues: (i) the behavior of the electronic 
Figure 5.1 Schematic representation of the [Vg^V^f AsgO^H^O)]4- clus­
ter anion. The three planes formed by the vanadium ions (black 
spheres) are depicted in dark gray. 
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Figure 5.2 Schematic view of the central tetramer with definition of the 
superexchange and parameter pathways through the diarsenite 
ligands: (Black Squares) As; (Circles) 0. 
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INS observed transitions), (b) Level scheme based on Heisen­
berg Isotropic system with g — 1.97 and J — 17.6K. 
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spin correlation function in the high temperature approximation (ksT > J); (ii) the evolution 
of the spin correlations when the temperature becomes of the order of the exchange coupling 
J (ksT ~ J); (iii) the spin fluctuations at very low temperature when the molecular magnet 
is mostly in its singlet ground state (ksT < J). In section (II) we describe the experimental 
details of the NMR measurements. In section (III) we present the experimental results includ­
ing magnetic susceptibility results which will guide us in the interpretation of the NMR data. 
In section (IV) we analyze the data by using both phenomenological models and exact first 
principle calculation for the s—1/2 Heisenberg tetramer, and, finally in section (V) we give a 
summary and conclusions of the work 
(II) Experimental Details 
Measuremnts of magnetization versus temperature were performed at 0.5T using Quantum 
Design MPMS superconducting quantum interference device (SQUID) magnetometers. The 
NMR measurements were performed on polycrystalline powder samples synthesized using an 
optimized method as described in ref [2] by using a standard Fourier transform (FT) pulse 
spectrometer. The proton NMR line was sufficiently narrow (< 60Khz) to be irradiated by a 
single radio frequency (rf) pulse of duration between 2 - 4 /us. The proton nuclear spin-lattice 
relaxation rate Tf1 was measured by monitoring the recovery of the nuclear magnetization 
following a short sequence of saturating RF pulses. The recovery of the nuclear magnetization 
was found to be exponential in most cases over more than one decade. Each molecule con­
tains many non equivalent protons with different hyperfine coupling to the four V4+ magnetic 
moments, namely 24 x 5 protons belonging to the C2H5 groups attached on the outside of 
the vanadium cluster and the remaining four belonging to the two water molecules. Thus the 
observation of an exponential recovery law implies the presence of a common spin temperature 
[7]. The common spin temperature is established if T\ > X2 where 2 2 is the spin-spin relaxation 
time. Under these circumstances the measured Tf1 is the weighted average of the relaxation 
rate for the different protons in the molecule. At high temperature and high magnetic field 
we observed nonexponential behavior due to the breakdown of the common spin temperature 
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approximation and the T-f1 parameter was derived from the initial part of the nuclear mag­
netization recovery curve (i.e. tangent to the origin). In this case also the measured T-f1 is a 
weighted average of the different relaxation rates [5]-[6]. In fact for a nonexponential recovery 
described by a weighted sum of exponentials: 
The slope at t  —> 0 of the semilog plot of S ( t )  vs t  yields an average relaxation rate Tf1 = 
YliPiTîi1- The spin-lattice relaxation rate in the rotating frame was measured by using an 
initial tt/2 rf pulse immediately followed by a lock-in RF pulse of intensity Hi 0.001T and of 
variable duration t. The parameter was obtained from monitoring the amplitude of the 
free precession decay as a function of the duration t of the lock-in pulse [7]. 
(Ill) Experimental Results 
The results for the magnetic susceptibility measured in our V12 sample at 0.5 Tesla are 
plotted in Fig. 5.4 as yT vs T. Its value is almost constant (~ 1.4 emu K mol-1) from 
room temperature to ca. 80K. The rapid drop of for T ~ 100K is indicative of the non 
magnetic ground state with St = 0. This values is close to that expected for four uncoupled 
electrons. Below 80K, yT decreases rapidly reaching a value of 0.04 emu K mol-1 at 2.6K. The 
high temperature data indicates that at least four electrons are completely coupled while the 
remaining four are largely uncorrelated. Previous investigations have concluded that the four 
delocalized vanadium(IV) ions are completely coupled and that the temperature dependence 
of the susceptibility is given by the exchange interaction between the four localized vanadium 
ions in the internal square. Only at high temperatures (~ 200K), when the population of the 
spin triplet level arising form the antiferromagnetically coupled electrons in the outer squares 
increases, there is a small contribution to the susceptibility ([!]). The inset in Fig. 5.4 shows 
X vs T. The proton NMR line was found to be a single symmetric line whose full width at 
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Figure 5.4 Temperature dependence of in V12 at 0.5T. The curve is a 
best fit according to Eq. 5.8 with g = 1.97 and J = 17.6K. Also 
shown in the inset is the susceptibility % vs T at 0.5T 
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Figure 5.5 FWHM versus Temperature at two different fields: (•) 4.7T; 
(o) 0.5T. 
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Figure 5.6 Temperature dependence of the proton spin-lattice relaxation 
rate in V12: (•) data at H = 0.5T. The solid curve is the 
best fit according to Eq. 5.11, with a= 5.6 msec-1, ,8=76.8 
msec-1, 7 = 28 msec-1; (o) data at 4.7T. The dotted curve is 
the same curve as for the 0.5T data but with a rescaling factor 
which takes into account the field dependence in Eq. 5.12 with 
Ho = 1.3T. 
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Figure 5.7 T^1 ( T )  v s  T .  The field is calculated to be of the order of ~ 10 
Gauss. The dotted curve is a guide to the eye 
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Figure 5.8 1 vs H at 300K. The solid line is a fit according to Eq. 5.12 
with B = 8.9msec-1 and Hq — 1.3T. 
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Figure 5.9 Semilog plot of T-f1 vs 1000/T for the low-T range (1.5K-4.2K): 
(a) (o) 0.4T; (•) 1.34T. The solid black curves are fits ac­
cording to Eq. 5.17 with a(H = 0.4T) = 7msec-1, 
a(H = 1.34T) = 1.3msec-1 and with ajvmj?(0.4T) = 17.1 
K and ANMR{IMT) = 15.8K. (b) 4.7T. The solid 
black curve is the fitting according to Eq. 5.17 with 
a(H = 4.7T) = 0.3msec-1 and Ajvme(0.4T) = 11.3 K. 
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half maximum (FWHM) is plotted in Fig. 5.5 as a function of temperature at two different 
external magnetic fields (0.5T and 4.7T). The low temperature limit of the line width (i.e 
~ 51 KHz) can be ascribed entirely to nuclear dipole-dipole interaction among the 124 protons 
in the molecule. The partial line narrowing from 50Khz to 28Khz occurring on increasing the 
temperature is due to the averaging of the nuclear dipolar interaction by the onset of molecular 
hindered rotation of the C2H5 cations [7]. From the comparison of the line width data for 
the two fields there appears to be only a slight inhomogeneous field dependent broadening. 
The inhomegeneous broadening is due to the relatively small dipolar hyperfine coupling of the 
protons with the four V4+ magnetic moments. In Fig. 5.6 we display our results for Tj-1 versus 
T for two values of the external magnetic field. The T-f1 data is similar to the temperature 
behavior of down to ~ 4.2K. The low temperature decrease of T-f1 occurs without the 
enhancement found in other types of magnetic clusters and rings [5]. This enhancement is 
believed to be a consequence of the slowing down of the magnetic fluctuations as the system 
becomes progressively more correlated in a way that the average frequency of these fluctuations 
becomes comparable to the Larmor frequency. The absence of the enhancement for the data 
at fields (0.51T, 4.7T) suggests either that the critical slowing down is more pronounced for 
"classical" spins (s > 1/2) and therefore not easily detectable or that the range of frequency 
probed by the NMR nuclei (Larmor frequency wl — 20 — 300MHz does not overlap with 
the frequency of these fluctuations). For this reason we have measured as a function 
of temperature. The plotted data is shown in Fig. 5.7. The temperature dependence of T^1 
shows two bell shaped maximum at approximately 90K and 19K. The bell shaped maximum of 
the relaxation rate data, which occurs at T ~ 90K is ascribed to the hindered rotations of the 
proton groups in the molecule [7]. In fact as the temperature is lowered the motional fluctuation 
frequency of these groups reaches a value of the order of hundreds of Khz and therefore becomes 
efficient in relaxing the nuclear spins via nuclear dipole exchange interaction. The other low 
temperature peak which occurs at T ~ 19K of the order of the exchange parameter J ~ 17K 
can be associated with slowing down of magnetic fluctuations as the temperature of the system 
is decreased. In other "classical spin" molecules the relaxation maximum manifested a well 
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defined characteristic field dependence: as the external field is increased the peak moves and 
its intensity becomes smaller. This fact is consistent with the observation of the maximum 
only in the data Tj"1 versus T. A detailed field dependence study of Tf1 was performed at 
300K. The results are shown in Fig. 5.8. The low temperature (t < 4.2K) data for Tf1 vs t 
is shown in Fig.'s 5.9 (a) and (b) at three different fields (0.4, 1.34 and 4.7Tesla). 
(IV) Analysis of the experimental results. 
(i) Magnetic susceptibility 
The susceptibility was calculated by using the following considerations. For a system in 
equilibrium one can define the magnetization density as the thermal average of the magneti­
z a t i o n  d e n s i t y  o f  e a c h  e x c i t e d  s t a t e  o f  e n e r g y  e ^ ( h ) :  
YJMN(H)e~EN/kBT 
m ( h , t ) =  "  , (5.2) 
N 
where m  ( h ,  t )  =  —  y  ^^(^0. The susceptibility is then defined as 
* - § ! •  
the fluctuation dissipation theorem which allows one to write the susceptibility as 
If the condition << 1 is fulfilled one can further simplify the calculation of % by using 
(54 )  
where 
< At2 >= g^B 53 < si >= —— ~2 ' (5-5) 
i 
| AT >= |.si2, .sv23, Su-,! , M > are the eigenstates corresponding to each energy level. In the 
case of a tetramer with s = 1/2 the solution is relatively simple and consists in the direct 
diagonalization of the Hamiltonian of the system of spins. In Ref. [2] the starting Hamiltonian 
is an empirical anisotropic Heisenberg Hamiltonian with four exchange parameters representing 
the different exchange pathways, i.e. — 9.28K, Jf2 — 9.516K, Jy2 — 7.77K, Jf2 — 8K (with 
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j\2 = J34 and J23 = J14). The exchange pathways are shown in a schematic depiction in Fig. 
5.2. The empirical Hamiltonian is given by 
Hex — ~2Jj(S lxS2x + SaxSix + S\yS2y + SzxSix) — 2Ji2{SlzS2z + Ss^S^) — 
— 2•723 {S2xSsx + + S2ySsy + SixS4x) — 2J^{S2zS^z + SlzAz) • (5.6) 
The choice of the Hamiltonian 5.6 with these parameters is dictated by the need to repro­
duce the energy level scheme shown in Fig. 5.3 (a), obtained directly from inelastic neutron 
scattering (INS) experiments [2]. However, an almost identical good fit of the susceptibility can 
be obtained by using an isotropic Heisenberg Hamiltonian with only one exchange parameter 
J — 17.6K and g = 1.97 { Jy[ — Jf2 = 3 = J23), which leads to the level scheme shown in 
Fig. 5.3 (b). 
Hex = jJ2 Si-Sj. (5.7) 
i j  
The main differences between the two models, i.e. the one reported in this paper and the one 
reported in [2] can be noted by looking at Eq.'s 5.7 and 5.6 and can be summarized as follows: 
(a) In Eq. 5.7 there is only one near neighbor exchange parameter J while in Eq. 5.6 there 
are two different exchange parameters for the four spins. 
(b) In Eq. 5.7 the system is isotropic (i.e. there is no anisotropy in the exchange pathways 
Jxy = Jz) while in Eq. 5.6 the system exhibits an anisotropic exchange interaction (as infered 
by direct INS measurements and electron paramagnetic measurements). 
Overall in both cases we have a total of 16 levels consistent with having four spin s= ^ (i.e. 
(2S+l)Ar = 24 = 16). The expression used to fit the susceptibility as obtained from the 
isotropic Heisenberg Hamiltonian is then 
,-T 2.V W *>e-*JlkDT + 2e-2J'kBT + e-J'kBT 
where denominator corresponds to the partition function Z. The fit of theory to experiment 
is shown in Fig. 5.4 (solid black line). 
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(ii) iH line width (FWHM) vs T 
The 1H NMR line width Au (full width at half maximum FWHM ) as a function of 
temperature and for two different fields is shown in Fig 5.5. The dependence of Au on both 
the magnetic field and the temperature is ascribed to magnetic dipolar broadening via the 
dipolar interaction of the 1H with the V4+ magnetic moments. For the dipolar magnetic 
broadening, the inhomogeneous linewidth Au for a given susceptibility % is given by 
(5
'
6) 
2tt 
Where ue is the Larmor frequency, Az is the component of the hyperfine coupling constant 
along the direction of the external magnetic field H, and r is the average distance between the 
:H NMR and the Vanadium ions. From the data in Fig 5.4 and Fig 5.5 one can estimate the 
component Az of the dipolar coupling constant by considering 
Mifm) - Mite) = A=x „ <P> (5.10) 
~~ ^oi) r H 
We obtained a value of Az ~ 1022 cm-3 which corresponds to the field generated by a V4+ 
magnetic moment at distance of ~2-3A which is the average distance between the protons and 
the vanadium ions in VI2. The result demonstrates that 1H NMR is a direct probe of the 
magnetic properties of the V ions in the V12 compound. 
(iii) 1H spin-lattice relaxation rate T f 1  ( T  >  4.2K 
(a) Phenomenological model for T1_1(T)) 
The temperature dependence of Tf1 in Fig. 5.6 can be reproduced reasonably well by a 
phenomenological model in terms of the population of the total spin energy levels. The model 
assumes that the relaxation rate is proportional to the thermal population of the excited states. 
This implies that the nuclear relaxation in each level is due to a direct process thus requiring 
the assumption of a given broadening of each energy level necessary to conserve the energy in 
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the nuclear spin-lattice exchange. The equation used to fit the data at 0.5T (•) in Fig. 5.6 is 
given by: 
where the constants a, and 7 containing both the hyperfine nuclear-electron dipolar inter­
action and the spectral density of the electron spin-spin correlation function, depend on the 
external magnetic field H but are assumed to be T-independent. The data of T[l for H = 0.5T 
can be fitted by Eq. 5.11 for T > 4K with the proper choice of fitting parameters a, (3 and 7 
(solid black curve in Fig. 5.6 with a = 5.6 msec-1, (3 = 76.8 msec-1, 7 = 28 msec-1). For the 
energy spacing Ai, Ag, A3 in Eq. 5.11 we used J, 2J and 3J respectively with J = 17.6K as 
for the fit of the susceptibility in Fig. 5.4. The effect of the field H on the Boltzman factors in 
Eq. 5.11 turns out to be negligible for H = 0.5T because J « 7eH. In order to explain the 
field dependence of T-f1 one has to make some assumptions about the field dependence of the 
constants a, (3 and 7 in Eq. 5.11. One can start from the field dependence of T-j-1 at T=300K 
(see Fig. 5.8) where the exponential terms in Eq. 5.11 are all close to unity. One finds that 
T-f1 vs H can be well reproduced by the relation: 
From the fit in Fig. 5.8 using Eq. 5.12 one finds F(300K) = 8.9msec-1 and HQ — 1.3T. If 
one assumes that the constants a, f3 and 7 in Eq. 5.11 have the same field dependence as in 
Eq. 5.12 and that the parameter HQ which defines the width of the Lorentzian function is T'­
as for the fit at 0.5T simply rescaling by the field dependence given by Eq. 5.12. For this 
value of the external magnetic field the energy level field dependence was also considered in 
Eq.5.11. Although the fit is far from perfect (see dotted line in Fig. 5.6) it is remarkable 
that one finds a qualitative agreement over the whole temperature range. This indicates that 
the T and H dependence of Tf1 can be expressed in first approximation as the product of 
two independent functions F(T) and G(H) and that the parameter HQ in G(H) is weakly 
(5.11) 
(5.12) 
independent one can try to fit the T: 1 data at H =4.7 T (o) with the same set of parameters 
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temperature dependent down to 10K. In the following paragraph we show that for the simple 
model of four spins s=l/2 on a square the phenomenological model used above can be justified 
(b) First-principle calculation of Tj 1(T,H). 
As shown in Chapter 3 one can obtain a general expression for the spin-lattice relaxation 
rate Tf1 through a method based on a perturbative treatment ("weak collision approach") of 
the hyperfine interactions between nuclear and paramagnetic spins [3]. Tf1 is then given in 
terms of the electron spin correlation function by the Moriya formula given in Capter 3, Eq. 
3.17. We give the expression here for reasons of clarity and refer to Chapter 3 for more details 
< > represents the ensemble average, U>N = IN H OJE  = 7eH are the nuclear and electronic 
Larmor frequency and the coefficients oy and fil3 are the geometrical coefficients of the dipo­
lar interaction [7] and are given by Eq. 3.18 and Eq. 3.19. The calculation is done using the 
procedure utilized for the V6 cluster [8]. The following assumptions are made in the calculation: 
(1) an isotropic Heisenberg Hamiltonian H = Y^ij J&i • Sj ; 
(2) the calculation of the two spin correlation function is done in zero field whereby the 
field dependence of the correlation function is factored out as a Larmor precession term in view 
of the commutation of the Heisenberg interaction with the Zeeman interaction. In zero field 
the correlation functions of the longitudinal (Sz) and transversal (S) components of the spin 
in Eq. 5.13 are the same as expected for an isotropic Heisenberg system; 
in terms of a first-principle calculation of T: 1. 
< st(f)sT(0) > + 
(5.13) 
(3) the different hyperfine interactions and /3y of the inequivalent protons in the 
molecule are replaced with a single average coupling parameter which is treated as a fitting 
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parameter; 
(4) in order to allow energy conservation the delta functions in the Fourier transform of 
the correlation function are replaced with Lorenzian functions with a single temperature inde­
p e n d e n t  b r o a d e n i n g  p a r a m e t e r  W Q .  
The auto and pair correlation functions for four spin s = 1/2 on a square can be easily 
calculated and it consists of several terms whose time dependence is of the type exp(±zfii), 
where ft is a parameter related to J. Given that we, w# << Cl ~ J ~ 1011 Hz the only terms 
contributing to Tf1 are terms of the form f(T)6(ue) and f(T)ô(ue ± U>N) , (i.e. terms with 
f2 = 0). By replacing the delta functions with Lorenzians of width u>o one has: 
Tf1 - A/m | {<£°_ 4) + |, P-14) 
where a is a constant which measures the relative strength of the components of the mag­
netic dipolar interaction tensor. The T-dependent field independent function in Eq. 5.14 is 
found to be given by 
[(ci + c2)e~J/kBT + 8cie~2J/kBT + 5(ci + c2)e-3J/fcBT] 
/(t) = (7e-2j/fcbt + 5e-3 J / K B T  +  3 E - J / K B T  +  1 }  '  ( 5 ' 1 5 )  
where c\ and c2 are coefficients related to the dipolar coefficients and fiij. In particular 
c\ is proportional to ay and fyj with i = j (auto correlation) while c2 is related to the terms 
with i j (near neighbor and next near neighbor pair correlation ). The field dependent part 
in bracket in Eq. 5.15 can be rewritten in the form 
Tf i = A/(T) u)0 
1 au>Q 1 
I + (f)2 1 + (f'! 
(5.16) 
where HQ — ^  and HQ = HQ^. One can then compare directly Eq. 5.11 and Eq. 5.12 
with Eq. 5.15 and Eq. 5.16 respectively. The field dependent expression in Eq. 5.12 which fits 
the data corresponds to Eq. 5.16 in the limit where one of the two terms in square bracket is 
dominant. The phenomenological Eq. 5.11 used to fit the T-dependence of Tf1 corresponds 
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to Eq. 5.15. In particular one can estimate the value for c\ and eg by directly comparing 
with the phenomenological constants a, (3, 7. We obtain the values c\ = 3.75 and eg = —2.7. 
For these values the phenomenological fit given by Eq. 5.11 agrees with the fit obtained from 
Eq. 5.15 and Eq. 5.16. The result is also consistent with the fact that the auto correlation 
coefficient c\ is always positive (see Eq. 3.18 and Eq. 3.19 with % = j) while the sign of the 
pair correlation coefficient eg (see Eq. 3.18 and Eq. 3.19 with i ^ j) depends on the relative 
position of the proton spin in respect to the electronic spin and can be positive or negative. 
As remarked above, the fact that the temperature dependence of the proton in Fig. 5.6 is 
the same at the two magnetic fields except for the rescaling according to the field dependence 
given by Eq. 5.12, i.e. Eq. 5.16 indicates that the broadening cvq of the Lorentzian is T 
independent. The physical interpretation of the parameter ujq is in terms of a cut-off frequency 
of the spin-spin correlation function due to terms in the Hamiltonian which do not commute 
with the Heisenberg isotropic exchange [9]. 
(iv) XH Spin lattice relaxation rate Tf1 vs T (T < 4.2K) 
For temperatures below the 4He boiling temperature most of the molecules are in the St 
ground state. If we take into account the field dependence of the Boltzman factors in Eq. 5.11 
we see that in the low temperature limit 
Tf1 ~ 2Le-(*NMR/kBT^ (5.17) 
where AN M R { H )  = Aq - A( H )  with Aq = J, is the field dependent energy gap between the 
ground state St = 0 and the first excited state with Sy = 1. The initial part of the curve 
(T > 2.5K) in Fig. 5.9(a) and 5.9(b) can indeed be fit with Eq. 5.17, (solid curves in Fig. 5.9(a) 
and 5.9(b)) with a(H — 0.4T) = 7msec-1 , a(H = 1.34T) = 1.3msec-1 and a(H = 4.7) = 0.3 
msec-1 and AjvMfl(0.4T) = 17.1 K, Aatme(1-34T') = 15.8K and AyvMfi(4.7T') = 11.3K. The 
temperature and field dependence of the partition function Z in Eq. 5.17 was also taken into 
account but its contribution is negligible as Z ~ 1 for k^T << J. For the case of the low field 
data (0.4T and 1.34T) one must note the deviation from the exponential thermally activated 
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Figure 5.10 Semilog plot of Tf1 vs 1000/T for the low-T range 
(1.5K-4.2K) for 0.4T; 1.34T. The dotted lines are fits ac­
cording to Eq. 5.17 with a(H = OAT) = 0.024msec-1, 
a(H = 1.34T) = 0.004msec-1 with A;vm.r(0.4T)=2.97 K, 
and AJVMFL(1.34T)=1.72 K. The solid black curves represent 
the best fit to the data using 5.17 plus a constant term (3 
((3(0AT) = 0.0032msec-1 and (3(0AT) = 0.00083msec-1. 
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Figure 5.12 Tx 1 vs H at 4.2K and 3.2K. The solid lines are obtained from 
Eq. 5.12 
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Figure 5.13 Tx 1 vs H at 2K. The solid line is obtained from Eq. 5.12 
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behavior given in Eq. 5.17 with Aq — 17.6 K for T < 2.5K (Fig. 5.9(a)). While in the case 
of the high field data (4.7T) the fit given by Eq. 5.17 reproduces the data also below 2.5K as 
shown in Fig 5.9(b). The obtained gap values ANMR vs H are plotted in Fig. 5.11, the dashed 
line represents the Zeeman field dependence of the gap given by ANMR(H) = AQ—G/XS^FO with 
AQ ~ 17.6K. There are two important results emerging from the low-T data in Fig. 5.9(a) and 
5.9(b). i) The field dependence of the constant a in Eq. 5.17 is much more pronounced than 
the one given in Eq. 5.12 which on the other hand explains the data for T > 4.2K . (ii) The 
low field (< 2.5K) Tf1 data show a deviation from the expected activated thermal behavior 
with AQ = 17.6K in the temperature range T < 2.5K (1000/T > 400 K-1 ). The low field and 
low temperature behavior of the Tf1 data can be accounted for either by using an exponential 
function as the one given in Eq. 5.17 but with a value of the gap parameter AaIMR = 3.5K (see 
dashed black line in Fig. 5.10) or alternatively by observing that the temperature dependence 
of the Tf1 data for T < 2.5K is very weak, therefore one can reproduce the experimental 
data simply by considering the contribution of a constant term to be added to the spin-lattice 
relaxation rate described by Eq. 5.17 (see solid black curve in Fig. 5.10). The data at 4.7T 
shown in Fig.5.9(b) do not show a detectable deviation from the exponential behavior down 
to the lowest temperature investigated ( 1.8K). However, this may be simply due to the fact 
that the additional contribution decreases strongly with increasing magnetic field and it thus 
becomes undetectable unless one extends the measurements at very low temperature. 
(V) Discussions and conclusions 
In this work we have presented comprehensive susceptibility and 1H nuclear magnetic res­
onance experimental results of the polyoxovanadate cluster VI2. The susceptibility times 
temperature experimental data was well fitted using theoretical results from exact calculations 
based on a isotropic Heisenberg Hamiltonian for four spins s=l/2 . The fit yielded a value 
for the exchange constant \ J\ ~ 17.6K in good agreement with the one obtained through INS 
measurements [2] and with the one obtained from magnetization measurements as a function 
of field [10]. This result is further evidence of the fact that the overall magnetic properties 
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can be associated entirely to the four central spins s=l/2. From the NMR spectral measure­
ments and the temperature and field dependence of the NMR line width we have obtained 
the inhomogeneous broadening associated with the effects of the dipolar local fields created at 
the proton sites by the V magnetic ions (Av — 30Khz). From this inhomogeneous broadening 
we estimated the hyperfine coupling constant Az ~ 1022cm-3 corresponding to the dipolar 
field generated by the V4+ magnetic moments at a distance of ~ 2 — 3A which is the average 
distance between the protons and the magnetic ions. The spin dynamics of the tetramer has 
been characterized by proton spin-lattice relaxation rate , Tf1, in the different temperature 
regions . At high temperature (fc^T > J) Tf1 exhibits a strong and well defined field depen­
dence (see Fig. 5.8) described by Lorenzian spectral density of the spin fluctuations which lead 
to Eq. 5.12. This field behavior is similar to the one observed in one dimensional magnetic 
systems [9]. The physical origin of the Lorentzian is associated with a model for the temporal 
behavior of the spin-spin correlation function (CF) in an Heisemberg finite size systems which 
predicts an initial short time decay of the correlation among spins due to the exchange con­
stant J followed by a long time persistence due to the finite size of the spin system. The long 
time tail of the CF goes to zero at some characteristic cut-off frequency associated with the 
anisotropic terms in the spin Hamiltonian . Thus the cut-off frequency ujq characterizes the 
spectral density part probed by NMR as seen in Eq.5.14 and yields important information on 
these anisotropic contributions to the simple Heisenberg isotropic Hamiltonian. The parameter 
obtained from the fit of the NMR data in Fig. 5.8 by Eq. 5.12 is Hq — 1.6Tesla. In order to 
convert this parameter into the cut-off frequency wO of the Lorentzian appearing in the the­
oretical expression Eq. (8) one should know if the observed field dependence arises from the 
first or second term in Eq. 5.16. If one makes the assumption that the second term in Eq.5.16 
is the relevant one , one has U)Q ~ 2.9 x 10nHz or /uvo/2/cb ~ 2.3K which is of the order of 
magnitude of the anisotropic splitting of the levels (~ 2K) as found by INS measurements [2], 
In order to ultimately confirm this assumption, measurements on different types of nuclei in 
the same compound should be performed. We turn now to the discussion of the spin dynamics 
in the intermediate temperature range ( ksT ~ J ). In the intermediate temperature range 
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(10K< T < 300K) the temperature behavior of Tf1 is similar to the the T-dependence of %T 
indicating that the proton Tf1 is dominated by the amplitude of the local spin fluctuations. 
Particularly relevant is the absence of an enhancement of the relaxation rate Tf1 for T ~ J/kB 
which is commonly found in other similar molecular magnetic rings comprised of spins with 
s^l/2 and which is due to some critical T dependence of the correlation frequency of the spin 
fluctuations. The fact that we were able to roughly reproduce the high and low field data sim­
ply by means of a rescaling factor is evidence of the fact that the T and H dependence of Tf1 
can be expressed in first approximation as the product of two independent functions F(T) and 
G(H) and most importantly that the parameter u>o — 7e#o in Eq.5.14 is weakly temperature 
dependent down to at least 10K. The weak temperature dependence of the cut-off frequency 
COQ appears to be a characteristic feature of the s=l/2 clusters and it may be related to the 
fact that the crystal field effects are small and the cut-off frequency is mainly determined by 
dipolar interactions. We finally discuss the spin dynamics in the low T regime (fcgT << J) 
when the magnetic tetramer is mostly in its ground state. For 2.5 K < T <4.2K , the Tf1 
data for both high and low field decrease exponentially as the temperature is lowered according 
to Eq. 5.17. The value of the gap A obtained from the fit of the data is consistent with a 
simple linear field dependence : ANMR{H) = AQ - with ANMR(0T) = AQ = 17.6K 
in perfect agreement with the susceptibility results and with INS and dynamic magnetization 
measurements . However, the values of the parameter a in Eq. 5.17 which are derived from 
the fit ( see Fig.5.8) depend upon the applied field much more strongly then in the high and 
intermediate T range. This indicates that the decoupling of the expression of Tf1 into two 
independent functions F(T) and G(H) breaks down at low temperature or alternatively that 
the cut-off frequency wo in Eq.5.14 becomes strongly temperature dependent. For T < 2.5K 
the temperature dependence of Tf1 deviate from the thermally activated exponential behavior 
and appear to tend to a constant value. This is apparent in the low field data (0.4T and 
1.34T) while for the high field data (4.7T) the measurements do not extend to low enough 
temperature to see the deviation. The very low T deviation from exponentiality can be repro­
duced either by using a thermally activated law as the one given by Eq. 5.17 with a different 
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value for the zero field gap AQ = 3.5K or alternatively by adding a constant term to the spin 
lattice relaxation rate (see solid curve Fig 5.10). The former interpretation is suggested by 
recent pulsed field magnetization measurements performed on the V12 sample at very low 
temperatures aimed at confirming the presence of level crossing effects as the external field 
is scanned through the values for which a Ms branch of the St = 1 state crosses St = 0 
[10]. These measurements revealed the presence of level crossing effects consistent with the 
prediction of an energy gap A ~ 17.6K, (i.e. one is able to observe steps in the magnetization 
in correspondence to a critical field value (He = A/^b9 ~ 13.27"), but also showed a small 
anomaly in correspondence to a critical field value He = A/^b9 ~ 2T" (A ~ 2.8K), in good 
agreement with the gap which we have found through NMR for T < 2.5K. This small splitting 
of the ground state St = 0 is consistent with the possibility of the presence of a sub-species of 
the compound V12 in which the exchange pathways and coupling parameters are not limited 
to the ones found in the main compound. This additional exchange pathway could in principle 
be responsible for the effects observed at lower temperatures both in the NMR data and in 
the magnetization data. Additional NMR spin lattice relaxation measurements as a function 
of field at very low temperatures (T ~ 0.5K) are being performed, aimed at establishing the 
presence of cross relaxation effects on the T-f1 data thus confirming the presence of this St = 0 
level sub-structure. In addition the strong field dependence of Tf1 indicates that the spectral 
density of the magnetic fluctuations is peaked at low frequencies, a characteristic feature of 
low dimensional Heisenberg systems. The remarkable feature of the H dependence is that it 
persists even at low temperature as can be seen in Fig. 5.12 5.13 . 
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6 CRITICAL SLOWING DOWN OF THE SPIN DYNAMICS IN 
ANTIFERROMAGNETIC RINGS. 
A paper published in the Journal of Applied Physics1 
D. Procissi2, B. J. Suh4, E. Micotti5, A. Lascialfari4, Y. Furukawa6, F. Borsa2,4. 
We report 1H nuclear magnetic resonance spin-lattice relaxation rates T-f1 vs T at different 
magnetic field values, for molecular antiferromagnetic (AFM) rings with Sy=0 singlet ground 
state. New results in CsFeS, Cr8 and Fe6 are compared with previous results in Fe6 and FelO. 
In all cases a strong enhancement of Tf1 was observed with a maximum occurring at some 
temperature To which is found to be field dependent. It is shown that the critical enhancement 
appears to be a robust universal feature in these AFM rings for which a general theory is still 
lacking. 
Introduction 
Transition-metal molecular rings represent ideal prototypes for the study of nanoscale mag­
netism. This paper will focus on discussing the experimental 1H nuclear magnetic resonance 
(NMR) data and relaxation measurements obtained for molecular antiferromagnetic rings com­
prised of a finite number of spins symmetrically arranged and interacting with each other via 
Heisenberg exchange interaction. In this work we present data for four samples ( in parenthesis 
are the single ion spin value and the exchange coupling constant) : (1) CsFe8( s = 5/2, : J\ ~ 
22 K) ; (2)Cr8 ( a = 3/2, Jg = 17.2K ) ; (3) Fe6 (a = 5/2, J3 = 28.2K) ; (4) FelO ( a = 5/2, 
1 Reprinted with permission of J. of Appl Phys, 2001 
2Ames Lab and Iowa State University,3, Ames, IA, 50011 
4Department of Physics, The Catholic University of Korea, Puchon, 40723 
5Department of Physics "A. Volta", Unita INFN, Univ. di Pavia, Via Bassi 6, 127100 Italy 
6Department of Physics, Graduate school of Sciences, Hokkaido University, Sapporo 060-0810, Japan 
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Ji ~ 13.8K ). Some of the results (Fe6 and FelO ) have been reported previous by [1],[2], In all 
four samples the ground state is non magnetic with total spin St = 0 and the energies of the 
lowest lying exchange multiplets can be described at first approximation by Lande's interval 
rule Es = 2JS(S +1)/N where N is the number of spins in the ring [3]. 
Experimental results and discussion 
The NMR measurements were performed in all cases on polycrystalline powder samples. 
The 1H Tj"1 data was measured with a standard Fourier transform pulse NMR spectrometer by 
monitoring the recovery of the nuclear magnetization following a short sequence of saturating 
radio frequency pulses. The data was collected as a function of temperature between 1.5K and 
300K and for a variety of different external fields. The nuclear spin lattice relaxation Tf1 data 
is plotted in Fig. 6.1 as a function of temperature at two different fields. The main feature 
in the temperature dependence of Tf1 is the strong enhancement at low T and the presence 
o f  a  m a x i m u m  a t  a  t e m p e r a t u r e  T Q  f o r  e a c h  o f  t h e  s a m p l e s  i n v e s t i g a t e d .  F o r  T  <  T o  ,  T f 1  
decreases approaching at low T an exponential drop due to the condensation into the ST = 0 
singlet ground state. For T > TQ , Tf1 follows the magnetic susceptibility behavior. This can 
be seen in Fig. 6.2 where we report the data Tf1 divided by the experimental susceptibility 
values for sample Fe6. Also shown in the inset of Fig. 6.2 is the field dependence of the peak 
position for samples (2), (3) and (4). It is noted that the extrapolated zero field value 
temperature TQ ~ 15.8K for Cr8, TQ ~ 22K for Fe6 and TQ ~ 7K for FelO, are very close to the 
known J values J ~ 17.2K, 28.2K and 13.8K for Cr8, Fe6 and FelO respectively. One should 
also note the field dependence of the intensity of the maximum which decreases as the field is 
increased. Finally in Fig. 6.3 we plot the renormalized Tf1 fyT data as a function of reduced 
temperature T* = T/TQ for different samples and different fields. The sets of data overlap 
suggesting that the occurrence of a maximum is a universal effect of antiferromagnetically 
coupled rings with ST — 0 ground state. The steep rise of the relaxation rate as T ~ To is 
reminiscent of the enhancement of Tf1 in the one dimensional Heisenberg chain TMMC which 
is well explained in terms of slowing down of the correlated spin dynamics [4]. As shown in 
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Fig. 6.3 the temperature dependence of the renormalized relaxation rate is well reproduced by 
(T/T0)~2 (black curve) which is in remarkable agreement with the T~2 behavior of the proton 
relaxation rate in TMMC [4]. 
In conclusion we argue that the enhancement of Tf1 in AFM rings is an universal fea­
ture associated with the slowing down of the spin dynamics while the subsequent drop of the 
relaxation rate at low T is the result of the reduction of the local spin value in the St = 0 
singlet ground state. The same point of view is advocated by our theory collaborators who 
find by exact calculations [5] that the spin correlation functions for AFM rings display critical 
slowing-down. A detailed comparison between their calculations, the results of the approxi­
mate calculations in infinite chains, and our experimental data should yield very interesting 
information. We would like to aknowledge fruitful discussion with M. Luban and C. Shrôeder. 
Ames Lab is operated for the U.S. Department of Energy by Iowa State University under 
contract No. W-7405-Eng-82. 
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7 PROTON NMR IN THE GIANT PARAMAGNETIC MOLECULE 
(Mo72Fe30) 
A paper published in the Journal of Applied Physics1 
J. K. Jung2, D. Procissi2,3, R. Vincent2, B. J. Suh4, F. Borsa2, P. Kogerler2, M. Luban2, C. 
Schroder2,5, A. Miiller6. 
Abstract 
1H nuclear magnetic resonance (NMR) and relaxation measurements have been performed 
in the Keplerate species {Mo72Fe30}. The 1H NMR linewidth increases gradually with de­
creasing T and it saturates below about 4 K, as expected for a non-magnetic ground state 
with St = 0. A strong enhancement of Ï']-1 with a peak around T = 2 K is observed, a 
feature similar to the one observed in antiferromagnetically (AF) coupled iron rings. The peak 
is discussed in terms of the slowing down of magnetic fluctuations resulting from building up 
of AF correlations. 
Introduction 
Transition-metal molecular clusters have attracted attention due to the possibility of inves­
tigating the magnetism at the nanoscale level [1]. In addition, the recent success in synthesizing 
the largest molecular paramagnet to date, the Keplerate species {Mo72Fe30}, has opened up 
1 Reprinted with permission of J. of Appl Phys, 2001 
2 Ames Lab and Iowa State University, Ames, I A, 50011 
3Reseracher and coauthor 
4Department of Physics, The Catholic University of Korea, Puchon, 40723 
5Department of Physics "A. Volta", Unita INFN, Univ. di Pavia, Via Bassi 6, 127100 Italy 
6Anorganishe Chemie I, Universitât Bielefeld, D-33501, Bielefeld, Germany 
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a new branch of mesoscopic magnetism [2, 3, 4]. This giant paramagnetic molecule is regarded 
as the first of a class of new mesoscopic magnets in which classical behavior extends down 
to extraordinary low temperatures. The cluster, Fe30 in brief, has 30 Fe(III) ions occupy­
ing the 30 vertices of an icosidodecahedron. The magnetic properties are characterized by a 
ground state with total spin state St = 0 due to O-Mo-O bridges mediating antiferromagnetic 
(AF) coupling with the exchange coupling constant J % 1.57 K between nearest-neighbor Fe 
ions. An accurate description of the magnetic properties of the cluster has recently been based 
on classical Heisenberg model of spins on the vertices of an icosidodecahedron for arbitrary 
magnetic fields [3, 4], 
Experimental results and discussion 
1H NMR and relaxation measurements were performed in a polycrystalline powder samples 
in the temperature range 0.5 K < T < 300 K and at several different magnetic fields with a 
standard Fourier transform (FT) pulse NMR spectrometer. The NMR spectrum was obtained 
either from the FT of the half spin-echo signal or, in particular for the broad line at low T 
and high field, by plotting the integrated intensity of the spin-echo signal as a function of 
irradiating frequency. The nuclear spin-lattice relaxation rate (NSLR, or Tf1) was measured 
at the center of the spectrum by monitoring the recovery of the nuclear magnetization following 
a sequence of saturating radio frequency (rf) pulses. The recovery was non-exponential due to 
the presence of many inequivalent protons in the irradiated NMR line. The NSLR reported 
here was obtained from the initial decay of the recovery curve. Tf1 is thus a weighted average 
over all protons [5]. 
1H NMR linewidth Au (the full width at half maximum or FWHM) data are presented 
in Fig. 7.1. The Au increases gradually with decreasing temperature. An interesting feature 
is the rapid increase of Au below 200 K, which is particularly evident at low magnetic field 
(see the data for H = 0.75 T in the inset of Fig.7.1). This is ascribed to the freezing of 
the rotation of the CHg and CH2 groups in the molecule, in agreement with what is generally 
observed in organic compounds containing similar proton arrangements. Note that, after the 
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sudden increase, the Au reaches the value of = 45 kHz at low magnetic field which is the 
order of magnitude of the rigid lattice nuclear dipolar broadening of CHg and CHg groups 
[6]. At lower temperature, Au keeps increasing with decreasing temperature reaching a broad 
maximum centered at about 2K (see the inset of Fig. 7.1). This additional broadening is due to 
the dipolar interaction of the 1H with Fe(III) ion moments. Thus one finds that the broadening 
is proportional to the magnetic susceptibility % of the Fe moments. The latter can be explained 
quite well on the basis of a classical Heisenberg model for the AF coupled Fe moments leading 
to St — 0 ground state [3, 4], The results for the magnetic field and temperature dependence 
of Tf1 are shown in Fig.7.2(a) and (b). At high temperature, T = 294 K, the T-f1 decreases 
with increasing magnetic field intensity, i.e., NMR resonance frequency. The field dependence 
of T^1 can be ascribed to the long time decay of the electronic spin correlation function for a 
H e i s e n b e r g  s y s t e m  i n  " z e r o  d i m e n s i o n a l i t y " .  I n  t h e  h i g h  t e m p e r a t u r e  l i m i t  ( T  J / U B ) ,  1  
can be approximated as [8, 7]: 
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Figure 7.2 (a) Semilog plot of Tf1 vs. H in Fe30. (b) Temperature de­
pendence of T-f1 in Fe30. The data for FelO from Réf. [5] are 
plotted for comparison. 
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where u) = 7eH is the Larmor frequency of the free electron, g is the Lande factor, (jlb is 
the Bohr magneton, and kg is the Boltzman constant. The coefficients A* and Az represent 
the hyperfine coupling of a given proton to the Fe(III) magnetic moments, whereby ± and z 
refer to the perpendicular and parallel components of the Fe spins with respect to the external 
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magnetic field H. The case described by Eq.7.1 refers to a finite-size (quasi-zero dimensional) 
system where the spin-auto-correlation function has an initial fast decay with a correlation 
frequency F£> oc \J\/h followed by a much slower decay with a cut-off frequency Fa due to 
anisotropy terms which do not commute with the Heisenberg Hamiltonian [7, 8, 9]. 
The field dependence data were fitted by using an expression of the form of Eq.7.1. The 
result, shown in Fig.7.2(a) as a solid curve, is: 
ï ï  =  ôra + 2 2  ( m s _ 1 ) -  ( 7 ' 2 )  
where the magnetic field H is expressed in Tesla. From the fitting results and Eq.7.1 with 
(Ti7n7e)2/(47r) = 1.94 x 10~32 (s~2cm6) and &gT%(g = 0)/g2H% ~ 1, we can estimate Fa % 
1.7 x 1010 (rad/s) and « 9 x 1045 cm-6. The value of A^, which is the order of magnitude 
of the dipolar interaction of a 1H nuclear with a Fe(III) local moment at the distance r = 2 À, 
is in good agreement with the results obtained in other iron ring compounds [8]. The value of 
Fa is considerably smaller than those obtained in other iron ring compounds [8]. The small 
value of Fa indicates that the spin Hamiltonian in Fe30 is very close to the isotropic Heisenberg 
model in agreement with susceptibility analysis [3, 4], 
We now discuss the temperature dependence of T-f1. The main feature is the strong 
enhancement of Tf1 at low T [Fig.7.2(b)] very similar to the behavior commonly observed in 
AF coupled iron rings [5]. It is interesting to note that if one plots the data in Fig.7.2(b) for 
Fe30 and FelO in using a reduced temperature T* = T/T0 with T0 the peak temperature, the 
two sets of data overlap a part from a trivial rescaling factor as shown in Fig.7.3(a). 
This suggests that the peak in Tf1 is a universal effect of AF coupled nanomagnets with 
ST = 0 ground state [10, 11]. 
The strong enhancement of Tf1 in AF coupled iron rings was previously ascribed to slowing 
down of magnetic fluctuations resulting from building up of AF correlation in analogy to the 
behavior of Tf1 in classical spin-5/2 chains [7]. Moreover, a calculation based on the classical 
Heisenberg model also has revealed the critical slowing of the autocorrelation function [10] in 
this giant paramagnet Fe30. Thus, we conclude that the strong enhancement of Tf1 observed 
here is also due to critical slowing down of the magnetic fluctuations. 
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It is noted that the peak temperatures Ta = 2.1 for Fe30, and 8 K and 11.5 K for FelO 
are very close to the values: J/kB = 1.57 and 13.8 K for Fe30 and FelO, respectively. In 
addition, from semilog plots of Tf1 versus 1/T* as shown in Fig.7.3(b), we find interesting 
exponential behaviors: Tf1 oc exp(—J/T) for T <T0 and Tf1 oc exp(1.8J/T) for T > T0. At 
high T (> T0), the behavior of Tf1 is qualitatively ascribed to the exponential increase of the 
spin correlation length with the lowering of the temperature towards T0 with the spin stiffness 
U — 1.8J, in analogy to ID classical spin chain as discussed above. The T-behavior of Tf1 
around the peak is asymmetric, which cannot be simply understood in terms of the critical 
slowing-down. In the finite-size system investigated here, magnetic states are discrete, yielding 
a gap between the ground and the excited states. Thus, the exponential suppression of Tf1 
at low T is related to the existence of the gap. From the slope of the low temperature side in 
Fig.7.3(b), we infer a gap A = t/ « J. For a ring, the energy of the first excited states with 
respect to the S — 0 state is given by E(S) — PS(S-|-l)/2, where P = 4J/N with N = number 
of spins. Thus, the result for the gap A « J, obtained above is qualitatively in good agreement 
with the theoretical value for FelO. For the special case of Fe30, the appropriate expression is 
E(S) = JS(S + 1)/10[11], This leads to a predicted gap A = 0.3K, considerably smaller that 
the value inferred from the NMR data. 
In summary, we have presented proton NMR and relaxation measurements in the Keplerate 
species {Mo72Fe30}. Both the :H linewidth and NSLR are found to be sensitive probes of the 
collective magnetic properties of Fe(III) magnetic moments in the compound. Temperature 
dependence of the linewidth Av is well understood in terms of inhomogeneous broadening 
due to the nuclear-electron dipolar interaction. An enhancement of Tf1 with a peak around 
T — 2 K is observed, which is analogous to the one observed in antiferromagnetically (AF) 
coupled iron rings (FelO, Fe6) [5], This is interpreted in terms of slowing down of the AF 
collective fluctuations in analogy to the behavior observed in classical spin—5/2 chains [7, 10]. 
Ames Laboratory is operated for U.S. Department of Energy by Iowa State University 
under contract No. W-7405-Eng-82. This work at Ames Laboratory was supported by the 
Director for Energy Research, Office of Basic Energy Sciences. One of the authors (B.J.S.) 
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8 PROTON NMR AND //+ SR INVESTIGATION OF SPIN DYNAMICS 
IN Mo72Fe30 MOLECULAR CLUSTERS 
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E. Micotti1, D. Procissi2,3 ,F. Borsa3,4, P. Carretta3, P. Kôgerler4, A. Lascialfari3, M. 
Luban3, C. Baines4 
Abstract 
We present /x+SR and NMR data on the icosidodecahedron Mo72Fe30 in its standard form 
(std-Fe30) and in the layered form (Iay-Fe30) where the quasi-spherical molecules form a plane. 
yu+SR experiments on std-Fe30 as a function of the field at very low temperature (T — 30mK) 
showed that the muon asymmetry has two components, corresponding to muons in different 
sites, near and far from the magnetic ions. No anomaly in the muon relaxation rates were 
found near the crossing fields. In Tf1 vs T 1H NMR data, the low-T characteristic peak was 
found to have a small dependence on the spin topology. 
Introduction 
Giant molecules containing transition metal ions attracted great attention during the last 
few years as they present physical behavior at the border between atomic and macroscopic 
scales. The molecular nano-cluster Mo72Fe30 [1] is a quasi-spherical shaped icosidodecahe­
dron containing 30 ions of Fe(III). In crystal form Mo72Fe30 is characterized by a unit cell 
1 Department of Physics "A. Volta", Unita INFN, Univ. di Pavia, Via Bassi 6, 127100 Italy 
2 Ames Lab and Iowa State University, Ames, I A, 50011 
3Researcher and coauthor 
4Paul Shërer Institute, Viligen, CH 
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with more than 15 molecules with different axes orientations. A new derivative of this com­
pound (Mo72Fe30-layer) presents the individual clusters interlinked as planar grids via Fe-O-Fe 
bridges, changing in this way the spin topology of the system. The system is characterized 
by a total spin St — 0 ground state (GS) and a nearest neighbour antiferromagnetic (AFM) 
exchange coupling constant J ~ 1.57 K. The energy levels follow approximately the Lande's 
rule and the first excited level St — 1 lies (for magnetic field H — 0) at A ~ 0.32K above the 
GS. Since the spectrum of the energy levels is discrete, it's possible to remove the degeneracy 
of the excited states by applying an external magnetic field and to study the energy level 
crossing theoretically predicted for fields He — 0.24 * i Tesla (i = 1,2,3) [2], Since now, no 
experimental evidence of level crossing has been found in Mo72Fe30. In similar compounds [3] 
it's been shown by local probe (proton NMR) that the spin dynamics is widely affected by the 
level crossing. 
Experimental results and discussion 
In this work we study the level crossing on the standard compound using muons as local 
probe (at temperatures much below the gap A) and we compare 1H NMR measurements on 
standard Mo72Fe30 (std-Fe30) [4] and new Mo72Fe30-layered system (Iay-Fe30) in order to 
see the effect of spin topology on nuclear spin relaxation. Particularly at low temperatures, 
the gap between the ST = 0 ground state and the first ST — 1 excited state plays a crucial 
role on the spin dynamics. The MuSR measurements on std-Fe30 were performed at PSI 
facility (Villigen, Switzerland), LTF beamline, working with a dilution cryostat. The data 
were collected at constant temperature T ~ 30mK, varying the external longitudinal magnetic 
field in the range 0 < H < 0.5 Tesla. Near to the crossing fields, the field was swept in steps 
of 0.025 Tesla. The sample, as in NMR experiments, was a polycrystalline powder sample. 
The 1H NMR measurements on Iay-Fe30 powders were performed at constant field H = 0.754 
T in the temperature range 1.5 < T < 300K using a standard Fourier transform (FT) pulse 
NMR spectrometer. After proper background subtraction, the muon polarization curves were 
fitted with a sum of two functions, over all the field range investigated : (i) a slow relaxing 
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exponential component that for H > 0.2 Tesla becomes a constant, pertaining to muons in site 
A; (ii) a Kubo-Toyabe Lorentzian function multiplied by an exponential decay e~Xt (where A 
is a muon-lattice relaxation rate, Tf^), pertaining to muons in site B. From this assumption, 
we guess that the muons in site A are implanted in sites far from the magnetic ions, thus giving 
rise to slow relaxation in the total symmetry. The muons implanted in site B are near to the 
magnetic core and they are sensitive to the local static fields distributed over a width Akt 
[4] and , at the same time, to the spin dynamics via the relaxation rate T^t. At the level 
crossing fields He , it is expected a sizeable change in the spin dynamics (see e.g. ref. [3]) but, 
as can be seen in Fig.8.1, no anomaly in A kt and T^t could be evidenced near Hci = 0.24T 
and H ci = 0.48T. 
The absence of anomalies could be tentatively attributed to at least two different physical 
situations : (a) a pure level crossing, where the two crossing levels do not mix. This case was 
never observed experimentally in molecular clusters (b) a very small level anticrossing which 
could give rise to a very narrow 1(H) anomaly (full width at half maximum HjO.Ol Tesla) in 
the vicinity of Hct. 
The proton NMR spin-lattice relaxation rate Tf1 of Iay-Fe30 (Fig.8.2), was determined 
from the tangent at the origin of relaxation curves (see e.g. [3]). As in std-Fe30 [5], the 
Tf 1(T) data showed a peak at low temperature : T0 ~ 2.8K for Iay-Fe30 and T0 ~ 2.2K for 
std-Fe30. This low-T peak, typical of high.-simmetry AF molecular clusters (see e.g. [5]), is 
at temperatures corresponding roughly to the exchange coupling constant J (in std-Fe30 and 
Iay-Fe30, J was estimated to be almost the same). Even if still unclear, the nature of the peak 
is believed to be associated to the critical slowing down of spin fluctuations. We would like to 
remark that the presence of a layered structure induces only a 25% shift of Tpeak toward higher 
temperatures and a decrease in peak intensity by a factor ~ 2.5. One can conclude that the 
change in spin topology doesn't affect sensibly the spin dynamics of the system for T > Tpeak. 
Well below Tpeak , the Tf 1(T) behavior should be exponential, as typical of gapped systems 
[6], but the working T-range of our experimental equipment was not sufficient to follow this 
kind of behavior. 
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Figure 8.1 Fitting parameters for muon asymmetry corresponding to 
muons implanted in site B (see text), as a function of mag­
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9 JH NMR AND SPIN DYNAMICS IN THE TETRANUCLEAR 
IRON (III) CLUSTER Fe4 
A paper published in the Journal of Applied Physics1 
D. Procissi2,3, B. J. Suh4, A. Lascialfari5, F. Borsa2'4, A. Cornia6, A. Caneschi7. 
The spin dynamics of a cluster of four iron (III) ons characterized by a total spin ground 
state St = 5 and Ising anisotropy have been investigated by the 1H nuclear magnetic resonance 
(NMR) linewidth and 1H spin-lattice relaxation rate Tf1 as a function of temperature (0.5-
295K) and external magnetic field (0.3-7.2T). At very low-T (0.5K) the spectrum becomes 
very broad indicating freezing of the Fe3+ momemnts in a superparamagnetic state. The 
temperature dependence of T{1 and T2_1 shows strong field dependent enhancement below 
50K which must be related to the spin dynamics of the Fe3+ moment freezing process, altough 
no quantitative theory of this is currently available. 
Introduction 
The study of magnetic clusters of transition metal ions has attracted much interest due 
to their so-called single molecule magnet behavior, in which magnetic bistability is observed 
at the level of a single molecule with very slow relaxation of the magnetization at very low 
temperatures and evidence of quantum tunneling of the magnetization [1]. In this article, we 
will present a XH nuclear magnetic resonance (NMR) investigation of a tetranuclear iron(III) 
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cluster having a formula Fe4(OCH3)(dpm)6, (Fe^) (where dpm=dipivaloylmethane). This rela­
tively small cluster falls into the category of magnetic molecular clusters that exhibit magnetic 
bistability due to large Ising type anisotropy, the two best studied examples being MN12 and 
Fes- Altough Fe^ has a smaller anisotropy that leads to lower temperature superparamagnetic 
freezing, the simplicity of the system makes itinteresting for an investigation of the spin dy­
namics. The main findings about this molecule are reported in [2] and [3]. In the following we 
summarize the results. 
The crystalline structure was determined to be monoclinic, with space group C2/c. The 
four Fe(III) ions lie in the same plane. Because the intermolecular distances are longer than 
9 x 10-locm, the intermolecular magnetic interactions are expected to be very weak, thus 
supporting the assumption that the magnetic behavior is derived from the properties of a sin­
gle molecule. The temperature dependence of the susceptibility % was interpreted in terms 
of the antiferromagnetic interaction between cebter and peripheral iron ions (exchange con­
stant J = 21.1cm-1 = 30.4K) and small antiferromagnetic interaction between peripheral ions 
(exchange constant J = —1.1cm-1 = -1.54K). The cluster ground state has St — 5 with 
g ~ 2. The first excited level St = 4 is separated from the ground state by approximatly 
60cm-1 = 86.K. The molecule has almost uniaxial anisotropy with anisotropy constant of 
D = -0.29cm-1. Thus the magnetic energy levels of the ground state manifold for Hq parallel 
to the easy axis can be written as 
^ - -DMl - fiBgH0Ms = (-0.29MJ - 1.33H0MS), (9.1) 
KB 
with H0 in Tesla. Thus the energy barrier between the lowest Ms — ±5 state and the highest 
Ms = 0 state at zero field is A = \D\52 = 7.25K. 
Experimental results and discussion 
We have performed 1H NMR measurements of a polycrystalline sample of Fe^ at several 
different magnetic fields (0-7.2T) with a Midcontinent Fourier transform (FT) spectrometer 
and in the temperature range of 0.5K< T < 300K using a standard flow cryostat to cover 
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the range of 4.2-300K and a 3He bath cryostat for the measurements below IK. The NMR 
spectrum was obtained either from the FT of the half spin echo signal or, particularly for 
the broad line at very low temperature (T < IK), by plotting the integrated intensity of the 
spin echo signal at different values of irradiation frequency. The spin-lattice relaxation rates 
were measured by a saturating comb of radio frequency (rf) pulses and then we monitored 
the recovery of the nuclear magnetization. The tt/2 pulse lenght was between 2 and 8 /us. 
The spin-spin relaxation rate T2_1 was measured from exponential decay of the echo amplitude 
as a function of the separation of two equal length rf pulses. The recovery of the nuclear 
magnetization was non exponential in the whole temperature range. The NSLR reported here 
was obtained from the initial decay of the recovery. Tf1 is thus a weighted average over all 
the protons. Due to the large number of inequivalent protons in the molecular cluster with 
different hyperfine coupling to the Fe ions, the NMR powder spectrum is inhomogeneously 
broadened by the distribution of paramagnetic shifts. As shown in Fig. 9.1(a), the linewidth 
is proportional to the susceptibility down to 50K which is the lowest temperature at which the 
NMR signal could be detected, as will be explained below. The width of the spectrum increases 
linearly with an increase in magnetic field as shown in the inset of Fig. 9.1(a). The zero field 
limit yields for both temperatures a value which corresponds to the intrinsic broadening due 
to dipolar interaction between protons ~ 20kHz . The dipolar broadening is also the limiting 
value of the data in 9.1(a) for small susceptibility (i.e. high temperatures). The above behavior 
of the NMR linewidth is typical of a paramagnetic system whereby the proton inhomogeneous 
broadening is due to dipolar interaction of the nuclei with Fe3+ magnetic moments. At the 
lowest temperature investigated (0.5K) the proton spectrum is very broad [see Fig. 9.1(b)]. 
The overall spectrum covers a range of about 3 MHz which is of the order of magnitude as the 
main splitting of the proton spectrum in Mn^, Ref. [4], and Feg, Ref. [5] at low temperature 
where molecules are in their high spin ground state. We conclude that the width of the 
spectrum at 0.5K of Fe^ arises from the distribution of local hyperfine fields at the proton sites 
due to the frozen Fe3+ spin configuration in the St — 5 ground state. A frozen state in Fe^ on 
the time scale of the hyperfine interaction (~ 106/107Hz) 
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is consistent with magnetization relaxation data which yield r_1 ~ 103Hz at T = 0.5K 
[1],[2], The temperature dependence of T-j-1 at four different fields external magnetic fields is 
shown in Fig. 9.2. The most prominent feature of the data in Fig. 9.2 is the strong enhancement 
of the NSLR at low temperature. The enhancement is most evident at low magnetic fields. 
At higher fields the peak is reduced to a broad maximum. At low fields (Ho = 0.728T)the 
enhancement of Tf1 is accompanied by similar enhancement of the spin-spin relaxation time 
r2_1 as shown in Fig. 9.3. In fact, the combination of shortening both the Tf1 and T^1 results 
in a loss of signal intensity as indicated in the inset of Fig. 9.3. The signal intensity plotted 
in the inset of Fig. 9.3 was determined from interpolation at t = 0 s of the echo intensity, 
where T is the delay between the two rf pulses. The minimum measurable T2-1 (and thus the 
detection of the echo signal) is limited by the blind time of the receiver which is tipically 10fis. 
The fact that the loss of signal occurs where T2 is still measurable indicates that there is a 
"wipe out" effect. The wipe-out effect is due presumably to a distribution of short T2 values 
whereby a fraction of nuclei acquires a very short Ï2 and thus escapes detection while the 
signal from the nuclei with slower T2 can still be measured. At very low temperatures both T\ 
and %2 resume values that are sufficiently long to allow for the measurements to be performed 
(see the data point at 0.5K in Fig. 9.2. However, it should be noted that at temperatures 
below IK the NMR becomes very broad [of the order of a few MHz at 0.728T as seen in Fig. 
9.1(b) and therefore the Tf1 parameter is affected by a large experimental uncertainty. One 
can nevertheless infer that for Hq — 0.728T a very pronounced peak must be present with a 
maximum at T < 50K (see Fig. 9.2) The behavior of proton Tf1 versus temperature as well 
as the loss of the NMR signal is qualitatively similar to that observed in Mnia [6]. 
The origin of the maximum observed n Tf1 at intermediate temperatures both for Fe^ and for 
Mni2 is not currently understood [7]. It should be noted that for Fe^ the temperature at which 
the maximum occurs is of the order of the exchange constant J and thus of the order of the 
separation between the St = 4 and St — 5 ground states. On the other hand the dramatic 
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effects of the external field Ho on Tf1 suggest that the effect is related to the suppression 
of the anisotropy gap A = 7.25K which should occur for an applied field of Ho = 2T [see Eq. 
9.1]. More measurements, possibly ones that use muons which would allow one to measure 
NSLR at low fields, are needed to explain the origin of the observed T dependence of Tf1. 
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and Dr. R. Modler for experimental help and advice. 
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Figure 9.1 (a) Full width at half maximum (FWHM) for 1H for an ex­
ternal field of Ho = 0.728T as a function of the magnetic 
susceptibilityx measured at IT. The inset shows the FWHM 
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(b) Comparison of the proton NMR spectrum in the paramag­
netic region (100K) and the frozen magnetic state. 
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10 UNCONVENTIONAL HEISENBERG SPIN-TRIANGLE IN 
MAGNETIC MOLECULE {V15}: A PROTON NMR STUDY. 
A paper accepted in the Journal of Applied Physics1 
D. Procissi2,3, B. J. Suh4, J. K. Jung2, P. Kôgerler2, R. Vincent2, F. Borsa2,5. 
Abstract 
We present results of 1H NMR and relaxation in polyoxovanadate cluster {VI5} with 
formula Kg^VisAsgC^j-Q^gO). The data in {V15} are compared with the published data 
in {V6} with formula [CN^H^Na^H^V^L^P^O^-l^H^O which contains two independent 
spin-triangles. The temperature T and field H dependence of the NMR linewidth are well 
explained by the magnetic dipolar interaction between the proton nuclei and vanadium ion 
spins in both compounds. The T and H dependence of the proton relaxation rate Tf1 show 
great differences in the two compounds. The difference indicate a completely different spin 
dynamics for the two Heisenberg spin-triangles systems whereby in {V15} the fluctuations of 
the V*V (s=l/2) in the central triangle are dominated by the interlayer coupling with the V^ 
spins in the two upper and lower hexagons. 
Introduction 
A notable progress has been achieved in synthesizing bulk samples of identical molecular-
size units each containing a relatively small number of paramagnetic ions that mutually interact 
1 Reprinted with permission of J. of Appl Phys, 2001 
2 Ames Lab and Iowa State University, Ames, I A, 50011 
^Principal author 
4Department of Physics, The Catholic University of Korea, Puchon, 40723 
5Department of Physics "A. Volta", Unita INFN, Univ. di Pavia, Via Bassi 6, 127100 Italy 
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via Heisenberg exchange [1]. Since in the great majority of cases the intermodular magnetic 
interactions, (generally dipole-dipole in origin) are negligible compared to the intra-cluster 
interactions the molecule represents a good model system for a simple nanomagnet. In this 
paper we are concerned with a particular species of polyoxovanadate based magnetic molecule 
namely {V15} [2], This cluster contains 15 paramagnetic vanadium atoms V^, each of which 
has spin s= 1/2. The are arranged in three layers: the two outermost layers are in a 
non planar hexagonal configuration while the central one is in a triangular configuration. All 
exchange interactions are antiferromagnetic [3]. Each hexagon of the cluster has three pairs 
of strongly coupled spins (J % —800K ). Each spin of ions in the triangle is coupled with two 
pairs of spins, one of which belongs to the upper hexagon; the other, to the lower hexagon 
(Ji ~ —150 K, J2 — —300 K). The exchange interaction between the spins situated at the 
apexes of the triangle is very weak (Jo « —2.5 K ) [4]. As a result of frustration the ground 
state is formed by two ST = 1/2 doubly degenerate states separated by a small gap (Aq % 0.2 
K). The {V15} cluster is a very peculiar Heisenberg spin-triangles system which can be viewed 
as a triangle formed by three groups of five ions as shown in Fig 10.1(a). One expects 
that the magnetic properties and the spin correlations are dominated by interlayer coupling 
rather than by intralayer coupling. This situation can be compared with another spin-triangles 
system namely {V6} [5]. In {V6} the ions are arranged in two almost independent trinuclear 
units each forming a strongly antiferromagnetic frustrated triangle as depicted in Fig 10.1(b). 
The low temperature ground state for each of these triangles can be characterized by a doubly 
degenerate St — 1/2, a doubly degenerate first excited state with St — 1/2 separated by a 
gap Ai « 60 K, and a fourfold degenerate second excited state with St ~ 3/2 separated by 
a A2 « 85 K [5], In view of the similarities and the differences between the two Heisenberg 
spin-triangle, i.e. {V6} and {V15}, a close comparison of the results in the two molecular 
clusters is very useful. 
I l l  
Experimental results and discussion 
1H NMR and relaxation measurements were performed with variable frequency spectrom­
eters. The radio frequency (rf) 1H was sufficiently strong to irradiate the entire NMR line in 
the whole temperature range investigated. The recovery of the nuclear magnetization after 
saturation with a sequence of rf pulses was non exponential. We measured the T-f1, from the 
initial slope of the recovery curve. Thus the measured Tj-1 is a weighted average over non 
equivalent protons in the cluster [6]. 
1H linewidth is reported in Fig. 10.2 for both the {V6} (Fig.10.2(a)) and the {V15} (Fig. 
10.2(a)) samples. 
1H FWHM increases gradually with decreasing temperature. Plotted in the insets of Fig. 
10.3(a) and 10.3(b) are the field dependencies of Azv for both samples at representative temper­
atures. The data in the inset represent the field dependence of Af and the data is fitted using: 
Au = aH + A i/o kHz. H is the external magnetic field expressed in Tesla, a is a hyperfine 
coupling factor expressed in kHz T-1, and Az/0 expressed in kHz is the zero field limit value of 
dipolar origin. The fit yields a = 8.4 kHz T-1, Azv0 = 35 kHz for {V6} and a = 5.3 kHz T-1, 
Az/0 = 54 kHz for {V15} respectively. Since at low temperatures, Au increases with decreasing 
T due to magnetic dipolar interaction between proton nuclei and vanadium ion spins we can 
simply write the relation between the inhomogeneous line-width and the susceptibility as 
Ai/(Ho2) - Ai/(i?oi) _ , .. < M > , 
-
a
'
x
~T7^H (10'1> 
where Az is the component of the hyperfine coupling constant along the applied external field 
Ho, and < r > is the average distance between proton nuclei and magnetic ions. From the data 
reported in Fig. (2) and the measured value %(24K) = 1.68 x 10-2cm3mol-1 — 9.30 x 10~27 
cm3/V ion for {V6} and %(47.5K) = 2.33 x 10~2cm3mol_1 — 1.30 x 10~26 cm3/V ion for {V15} 
respectively we obtain Az « 2.12 x 1022 cm-3 for {V6} and Az ~ 0.98 x 1022 cm-3 for {V15}. 
These Az values correspond to the dipolar field generated by the ion moments at about 
3.6Â for {V6} and 4.7Â for {V15} which are the average distances < r > between the protons 
and the vanadium atoms. We may conclude that the static magnetic properties are similar for 
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the two spin-triangles systems. 
We turn now to the proton relaxation results which probe the spin dynamics. The 
magnetic field and the temperature dependence of the proton Tf1 in {V15} are shown in Figs. 
10.3 and Figs.10.4 together with the data for {V6} from ref. [5]. 
In order to analyze the data we refer to the simplified expression for T-f1 discussed in [5]: 
au>o (10.2) 
^0 (Wg + Jq) _ 
where FZZ(T) is a combination of the time independent part of the auto and nearest neighbor 
spin correlation functions, lvq is an angular frequency measuring the decay in time of the 
correlation functions, a is a constant which measures the ratio between components of the 
magnetic dipole hyperfine interaction tensor and uie = 7eh is the electronic Larmor frequency. 
In absence of critical enhancement of the spin fluctuations the dynamical parameter cvq should 
be weakly T-dependent. This implies that the field dependence of ïj_1(T, h) once rescaled 
to the highest field value should be almost the same for all temperatures. For the case of 
{V6} shown in Fig. [3(a)] this is indeed what is observed. The full line is a fit of the rescaled 
rf1 values according to Eq. 2 for T = 295 K. The low temperature data are only weakly 
enhanced with respect to the room temperature ones. On the other hand for the {V15} the 
situation is quite different as shown in Fig. [3(b)]. The low T data appear to be critically 
enhanced with respect to the room temperature values. The presence of critical enhancement 
of the fluctuations in {V15} can be seen also in the analysis of the temperature dependence 
of proton Tf1 (see Fig. (4)). For {V6} the Independence of proton Tf1 comes entirely from 
the T-dependence of the static correlation functions (FZZ(T) term in equation 2). As shown 
in ref. [5], FZZ(T) is approximately proportional to %T, where % is the uniform susceptibility, 
leading to T-f1 oc %T as indeed found in {V6} (see Fig. [4(a)]). On the other hand, in {V15} 
the T-dependence of Tf1 is quite different from the one of xT (see Fig. [4(b)]). This again 
indicates a critical T-dependence of cvq, a parameter which measures the width of the 
spin fluctuation spectral density. The critical enhancement manifests itself as a broad field 
dependent peak of T{1 occuring below 100 K. Since the V^spins in the two hexagons form 
a rather stiff antiferromagnetic structure (|J| ~ 800 K) the critical enhancement should be 
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ascribed to the spins in the central triangle. The occurrence of the peak of Tf1 in the 
range of T = 50 — 100 K suggests that the slowing down of the spin fluctuations is due to 
the interlayer exchange couplings linking the of the central triangle with the ones of the 
upper and lower hexagons. 
Note that the low T (< 10 K) magnetic properties are instead dominated by the low lying 
magnetic energy states. The sudden decrease of Tf1 at very low T should be in fact related 
to the depopulation of the excited states into the St = 1/2 ground state. By fitting the data 
T-f1 with equation Tf1 oc exp one obtains a gap A « 2 K in agreement with the gap 
expected between the St = 1/2 ground states and the St = 3/2 excited state. The magnetic 
properties and the spin dynamics at very low T including level crossing effects has been re­
cently investigated by Yoneda et al. [7]. 
Useful discussions with M. Luban and A. Lascialfari are gratefully aknowledged. Ames 
Laboratory is operated for the U.S Department of Energy by Iowa State University under con­
tract No. W-7405-Eng-82. This work at Ames Laboratory was supported by the Director for 
Energy Research, Office of Basic Energy Sciences. One of the authors (B.J.S.) acknowledges 
support by KOSEF via the electron Spin Science Center at POSTECH. 
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Figure 10.1 Schematic rappresentation of the spin arrangement and cou­
pling for (a) V15; unconventional Heisenberg triangle made of 
three groups of five vanadium ions and for (b) V6; two inde­
pendent vanadium triangles 
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Figure 10.4 Temperature dependence of the proton relaxation rate 1 for 
(a) {V6}: (•) 4.7 T and (b) {V15} : (o) 4.7 T; (•) 1.05 T. The 
T-dependence of T-f1 in {V6} follows the T-dependence of %T 
shown in the inset of Fig. [4(a)] 
118 
References 
[1] 0. Kahn, Molecular Magnetism, (VCH, New York, 1993); D. gatteschi, A. Caneschi, 
L.Pardi and R. Sessoli, Science 265, 1054, 1994 
[2] A. Gatteschi, L. Paxdi, A.L.Barra, and Miiller and J. Dôring, Letters to Nature, 354, 
1388, 1991. 
[3] A. Gatteschi, L. Pardi, A.L.Barra, and A. Miiller, Mol. Eng. 3, 157, 1993. 
[4] I. Chiourescu, W. Wensdorfer, A. Miiller, et al, Phys. Rev. Lett. 84, 3454 (2000). 
[5] M. Luban et al, Physical Review B, 66, 054407, 2002 
[6] A. Lascialfari, D. Gatteschi, F. Borsa and A. Cornia, Phys. Rev. B, 55, 14341 (1997) 
[7] H. Yoneda, T. Goto, Y. Fujii, B. Barbara, and A. Miiller, Preprint submitted to LT23 
Proceedings, 20 June 2002 
119 
11 iH AND 23Na NMR STUDY OF V6 MAGNETIC MOLECULAR 
CLUSTERS. 
A paper published in the Journal of Applied Physics1 
J. K. Jung2, D. Procissi2,,3 Z. H. Jang2, B. J. Suh4, F. Borsa2,5, M. Luban2, P. Kôgerler2, A. 
Miiller6. 
Abstract 
We report 1H and 23Na nuclear magnetic resonance (NMR) and relaxation measurements 
in two variants of the V6 cluster with formula: 
[CN3He]4Na2[BUfVsL^P^tOé]• I4H2O and Na6[H4{V3L}2P404]-18H20, respectively. Both the 
NMR linewidth and the spin-lattice relaxation (NSLR) data can be explained semi-quantitatively 
by assuming a dipolar coupling between the proton (sodium) nuclei and the three V(IV) mag­
netic moments forming an almost equilateral triangle with nearest neighbor antiferromagnetic 
exchange interactions. From the temperature dependence of the 23Na NSLR we obtain the 
value of the two gaps separating the lower energy total spin states. 
Introduction 
Solid lattices of weakly coupled magnetic molecules provide a unique opportunity to in­
vestigate magnetism at the nanoscale level [1], Each non-interacting molecule in the lattice 
'Reprinted with permission of J. of Appl Phys, 2001 
2 Ames Lab and Iowa State University, Ames, IA, 50011 
3 Researcher and coauthor 
4Department of Physics, The Catholic University of Korea, Puchon, 40723 
'Department of Physics "A. Volta", Unita INFN, Univ. di Pavia, Via Bassi 6, 127100 Italy 
6Anorganishe Chemie I, Universitât Bielefeld, D-33501, Bielefeld, Germany 
120 
represents a single nanomagnet composed of only few atomic magnetic moments. In the case 
investigated here, the molecular cluster is a prototype of triangular arrangement of spins lead­
ing to a frustrated ground state configuration. 
The V6 compound consists of two trinuclear {V3L} [with L = (CE^aCCBhOH] units which 
can be transformed into each other by a crystallographic inversion center and which are linked 
by four {PO4} tetrahedra. Structural properties have been reported previously [2], The data 
presented here refer to the two variants of the V6 clusters: [GN^H^Na^H^^I^P^O^-^H^O 
labelled as compound 1 and Na^H^V^I^P^O^-lBH^O labelled as compound 2. The mag­
netic properties are similar in both systems and are dominated by the antiferromagnetic cou­
pling between V4+ ion local moments within the trinuclear unit with negligible magnetic in­
teraction between the two trinuclear units in the cluster. The measured susceptibility times 
temperature, decreases on lowering temperature and it reaches a plateau around 20 K 
which extends down to about 2 K, before dropping sharply to zero. The low temperature 
magnetic moment level structure for each of the two individual V4+ ion triangles can be char­
acterized by a doubly degenerate Srotal = 1/2 ground state, a doubly degenerate first excited 
state with St = 1/2, and a 4-fold degenerate second excited state with St = 3/2. The detailed 
analysis of a model Hamiltonian of this system is described elsewhere [3, 4]. 
Experimental results and discussion 
1H and 23Na NMR and relaxation measurements were performed with variable frequency 
Fourier transform spectrometers. The radio frequency (rf) field h\ was sufficiently strong to 
irradiate the entire NMR line in the whole temperature range investigated. The recovery of 
the nuclear magnetization after saturation with a sequence of rf pulses was non-exponential. 
We measured the relaxation rate, T-j-1, from the initial slope of the recovery curve. Thus the 
measured Tf1 is a weighted average over the non equivalent protons in the cluster [5]. 
1H and 23Na linewidth data are presented in Fig. 11.1 for compound 1 (similar results, 
which are not shown here, were obtained for compound 2). The low temperature, low field 
broadening of about 40 kHz for protons [Fig. 11.1(a)] is the typical nuclear dipolar broadening 
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for CH3 and CHg groups in organic molecules. The corresponding nuclear dipolar broadening 
for 23Na is only 10 kHz [Fig. 11.1(b)]. The additional broadening observed particularly 
at high field and low temperature is due to the dipolar interaction of the 1H and 23Na nuclei 
with the V4+ ion magnetic moment. Thus we can simply write the relation between the 
inhomogeneous linewidth Au and the susceptibility % as: 
Au(H02) -  Ais(Hqi) _ < n > 
&(% - %l) ^ ^  
where Az is the component of the hyperfine coupling constant along the applied field Ho- From 
the data in Fig.11.1 and the measured value % = 3.3 x 10~2 cm3/mol = 9.2 x 10~27 cm3/V-atom 
at T = 25 K, we obtain Az = 4.1 x 1022 cm-3 for protons and Az = 2.9 x 1022 cm-3 for 23Na. 
These Az values correspond to the dipolar field generated by a V4+ ion moment at about 3 Â 
distance which is of the correct order of magnitude for the average distance of XH and 23Na 
from the V triangular unit. The linewidth results are therefore qualitatively consistent with a 
St = 1/2 ground state of the V triangular unit. 
The results for the temperature and field dependence of the nuclear spin-lattice relaxation 
rate (NSLR) T-f1 are shown in Figs. 11.2 and 11.3 for 1H and 23Na nuclei respectively. 
The overall temperature dependence of Tf1 is the same for both nuclei and similar to the 
temperature dependence of [2], indicating that both nuclei probe the magnetic properties 
and spin dynamics of the V4+ ions. Above % 100 K, Tf1 is weakly T—dependent and strongly 
field dependent (see Fig. 11.2). The field dependence is the same as found in other molecular 
nanomagnets and can be ascribed to the slow decay of the V ion spin correlation function, a 
feature characteristic of the almost zero dimensionality of the system [6, 7]. A quantitative 
analysis of the field dependence at high T will be published elsewhere [8], An analysis of the 
measured susceptibility using a quantum Heisenberg model leads to the interpretation that 
two exchange constants are necessary within the V triangular unit [3, 4]. This leads to a 
very significant splitting of the two doubly degenerate St = 1/2 low lying states which are in 
turn separated by a large gap from the St = 3/2 excited state. Thus we can interpret the 
decrease of Tf1 with lowering T as the result of the progressive depopulation of the St = 3/2 
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and the upper St = 1/2 state into the lower St = 1/2 ground state. One can, thus, use a 
phenomenological equation to fit the data given by: 
where A and B are fitting constants related to the nuclear-electronic moment hyperfine inter­
action, Z is the partition function, Ai is the gap between the St = 3/2 state and the ground 
state, and A2 is the gap between the two St — 1/2 states which are split as a result of the 
non-equivalent exchange constants within the V triangular unit. The fit yields A = 2.2 s-1, 
B = 0.55 s-1, Ai = 100 K, and A% = 60 K. As shown in the inset of Fig.11.3, there appear to 
be a deviation from the fitting curve in the NSLR around 5 K. An improved fit is provided by 
the quantitative theory given in Ref. [3], 
In summary, it has been shown that the 1H and 23Na NMR data are qualitatively consistent 
with a magnetic model for V6 cluster consisting of two independent trinuclear V units each 
forming a strongly antiferromagnetically coupled triangle. From the fit of the T^1 data, we 
find evidence for a gap of ~ 60 K between the two doubly degenerate St = 1/2 levels in 
excellent agreement with susceptibility [3] and neutron scattering data [9]. 
Ames Laboratory is operated for U.S. Department of Energy by Iowa State University 
under contract No. W-7405-Eng-82. This work at Ames Laboratory was supported by the 
Director for Energy Research, Office of Basic Energy Sciences. One of the authors (B.J.S.) 
acknowledges the support by Korea Research Foundation Grant(KRF-99-015-DP0101). 
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Figure 11.1 Full width at half maximum (FWHM) for 1H (a) and 23Na 
(b) in compound 1 as a function temperature at two different 
magnetic field HQ-
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Figure 11.2 Proton spin-lattice relaxation rate, Tf1, in compound 1 (a) 
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compound at Ho = 4.7 T. The curve is a theoretical fit as 
explained in the text. The inset shows the low temperature 
region. 
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12 MAGNETIC PROPERTIES AND SPIN DYNAMICS IN MAGNETIC 
MOLECULE {Mn3}. 
A paper published in the Journal of Applied Physics1 
B. J. Suh2, D. Procissi3, 4, J. K. Jung3, S. Bud'ko3, W. S. Jeon2, Y. J. Kim2, D.-Y. Jung2. 
Abstract 
We report dc magnetization and nuclear magnetic resonance (NMR) measurements in a 
trinuclear manganese compound, {Mn3}, with formula [MnsO^CCHg^CsHsN^j-CsHgN. 
The magnetic properties are characterized by two antiferromagnetic (AF) coupling constants, 
J = -7.9 K and J' = -27.6 K. 1H NMR linewidth strongly depends on both the magnetic field 
and temperature, and is quantitatively explained by the dipolar interaction between proton 
nuclei and Mn ion spins. The strong enhancement of T-f1 at low temperatures is ascribed to 
the the slowing down of magnetic fluctuations resulting from building up of AF correlations. 
From the T-dependence of Tf1 at low T, we obtained the gap ANMR = 19 K, in qualitative 
agreement with the gap A = 12 K obtained from susceptibility %. 
Introduction 
Transition-metal molecular clusters have attracted attention due to the possibility of inves­
tigating the magnetism at the nanoscale level [1]. Each non-interacting molecule in the lattice 
represents a single nanomagnet composed of only few atomic magnetic moments. In the case 
1 Reprinted with permission of J. of Appl Phys, 2001 
2Department of Physics, The Catholic University of Korea, Puchon, 40723 
3Ames Lab and Iowa State University, Ames, IA, 50011 
4Reseracher and Coauthor 
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investigated here, the molecular cluster is a prototype of triangular arrangement of spins, which 
provides an ideal model system, where the energy eigenvalues and all thermodynamic quanti­
ties can be calculated in closed form as demonstrated recently in the {V6} molecular clusters 
consisting of two triangular spin units [2, 3], The oxo-centered manganese molecule {Mn3} 
with formula [M^C^C^CCHa^CsHsN^j-CsHsN is a Heisenberg trinuclear spin system. The 
triangular unit MnOg consists of two Mn(III) (s = 2) and one Mn(II) (s = 5/2) which are 
antiferrmagnetically (AF) coupled by two coupling constants: J between one Mn(II) and each 
of the two Mn(III) and J' between the two Mn(III) ions [4], This compound is almost identical 
to the {V6} compound except for the spin values of the individual ions [2, 3]. 
Experimental results and discussion 
In this work, we present dc magnetization and proton magnetic resonance measurements in 
{Mn3} compound. From the magnetization data, we could derive the values of two exchange 
constants, J = —7.9 K and J' = —27.6 K. We demonstrate that 1H NMR linewidth is quan­
titatively explained by the dipolar interaction between proton nuclei and Mn ion spins. In 
contrast to the behavior of Tf1 in the {V6} compound, a strong enhancement of Tf1 at low 
temperatures is observed in the {Mn3} compound and is ascribed to the the slowing down of 
magnetic fluctuations resulting from building up of AF correlations. 
DC magnetization and 1H nuclear magnetic resonance (NMR) measurements were per­
formed in polycrystalline powder samples in the temperature range 1.5 K < T < 300 K. The 
dc magnetization measurements were performed using a conventional SQUID magnetometer 
and the NMR measurements were done with a standard Fourier transform (FT) pulse NMR 
spectrometer. The NMR spectrum was obtained either from the FT of the half spin-echo 
signal or, in particular for the broad line at low T and high field, by plotting the integrated 
intensity of the spin-echo signal as a function of irradiating frequency. The nuclear spin-lattice 
relaxation rate (Tf1) was measured at the center of the spectrum by monitoring the recovery 
of the nuclear magnetization following a sequence of saturating radio frequency (rf) pulses. 
The recovery was non-exponential due to the presence of many inequivalent protons in the ir­
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radiated NMR line. The Tf1 reported here was obtained from the initial decay of the recovery 
curve. Tj1 is thus a weighted average for the different proton sites [5]. 
The temperature dependence of magnetization displays a typical behavior for the AF cou­
pling as shown in Fig. 12.1 by plotting %T as a function of T. Denoting S'i as the Mn(II) ion 
spin, and S2 and S3 as the spin of two Mn(III) ions, the spin Hamiltonian for {Mn3} is given 
by 
H  =  - J ( S i - S 2 + S i - S 3 ) -  J ' S 2 - S 3  
-9AtBH • (Si + S2 + S3). (12.1) 
Thus, the relative energies in an applied magnetic field H = Hzz are expressed as 
E(S, 3') = -^S(S + 1) - + 1) - , (12.2) 
where S = Si + S2 + S3 is the total spin, and S' = S2 + S3. The solid curve in Fig.12.1 is the 
theoretical fit of %T(T) using the energy levels above with S'i = 5/2 and S2 = S3 = 2. The 
best fit was obtained with the fitting parameters: J = —7.9 K, J' = —27.6 K, and g — 2.1. 
This results in a gap of A = -3J/2 = 12 K at Hz — 0 between the doubly degenerate S = 1/2 
ground state and the four-fold degenerate second excited state with S = 3/2. Note that the 
values of J and J' are slightly different from the ones reported previously for the compound 2 
in Ref. [4], Detailed measurements including the field dependence of %T(T) is suggested as a 
further study to clarify the difference. 
1H NMR linewidth Au (the full width at half maximum or FWHM) as a function of 
field and of temperature are presented in Figs. 12.2(a) and (b), respectively. :H Au exhibits 
linear dependence on the applied field H in the whole temperature range investigated. The 
Au is strongly enhanced, in particular at low temperatures and at high fields, with lowering 
temperature. The dependence of Au on both the external magnetic field and the temperature 
is ascribed to magnetic dipolar broadening via the dipolar interaction of ^H nuclei with Mn 
ion magnetic moments. 
For the magnetic dipolar line broadening, the inhomogeneous linewidth Au for a given 
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susceptibility % is: 
<12-3> 
where uq = is the Larmor frequency, Az is the component of the hyperfine coupling 
constant along the applied field H, and r is the average distance between 1H and Mn atoms. 
Thus, by taking account of the intrinsic linewidth A i/o which is independent of field, we can 
write 
Az/= Azj/0x + Az/0 . (12.4) 
From the linear relation of Au vs. H in Fig.l2.2(a) with slopes: 129 kHz/T for T = 4.2 K 
and 24 kHz/T for T = 295 K, and the calculated values: %(4.2 K) = 1.4 x 10~2 cm3/mol 
— 7.7 x 10-26 cm3/Mn-atom and%(295K) = 0.29 x 10~2 cm3/mol = 1.6 x 10-26 cm3/Mn-
atom, we obtain AZ(4.2K) = 3.9 x 1022 cm-3 and AZ(295K) = 3.5 x 1022 cm"3, which are 
reasonably close to each other. The average value Az = 3.7 x 1022 cm"3, corresponds to the 
dipolar field generated by a Mn ion moment at a distance r = 3 Â which is of the correct 
order of magnitude for the average distance of 1H from the M113O triangular unit. Using the 
hyperfine coupling constant Az so determined, one can calculate the temperature dependence 
of Ai/ from Eq. (4) and the calculated value %(T). The only problem in calculating Az/(T) 
is to determine the second term in Eq. (4) which is independent of field, but is dependent 
on temperature as will be discussed below. Due to the lack of the exact information on the 
temperature dependence of Az/q, we calculate Av(T) using two fixed values: Az/q = 25 and 
10 kHz at two representative temperatures T = 4.2 and 295 K, respectively, obtained from 
the linear fits of Av(H). The results for H — 1.48 T are plotted in Fig.l2.2(b): a solid curve 
with Az/q = 25 kHz and a dotted curve with Az/q = 10 kHz. Although a single curve to fit the 
experimental Az/ in the whole temperature range cannot be achieved, the excellent agreement 
with the experimental results of the solid curve at low T and of the dotted curve at high T 
demonstrates that XH NMR is a direct probe of the magnetic properties of Mn ion magnetic 
moments in {Mn3} compound. An additional interesting feature is the sudden increase of Az/ 
below 200 K, which is particularly evident at low magnetic field [see the data for H = 0.42 T 
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in Fig.l2.2(b)]. This is ascribed to the freezing of the rotation of the CH3 groups and /or 
the pyridin solvate molecules [C5H5N] in the compound, in agreement with what is observed 
from 2H NMR in FegO compound [Ref. 4 and references therein]. This indicates that 1H Au 
at sufficiently low field is dominated by the dipole-dipole interaction between 1H nuclei. This 
nuclear dipolar broadening is the main source for the second (field independent) term in Eq. (4) 
and can change with temperature due to the motional effects as observed here. 
We now turn to discuss the temperature dependence of Tf1 shown in Fig. 12.3. The main 
feature is the strong enhancement of Tf1 with a peak around T es 15 K, very similar to 
the behavior commonly observed in AF coupled iron rings [6, 7], which is ascribed to the 
the slowing down of magnetic fluctuations resulting from building up of AF correlations in 
analogy to the behavior observed in classical spin 5/2 chains [8]. By fitting the data on the 
low temperature side to: 1/t\ oc exp (-u/t) as shown in the inset of Fig. 12.3(b), we obtain 
a gap ANMR = U = 19 K which is qualitatively in good agreement with the value A = 12 K 
calculated from the magnetic susceptibility. 
Note that the strong enhancement of 1H Tf1 at low T in the {Mn3} compound is in 
contrast with the absence of enhancement of 1H Tf1 in the {V6} compound [2, 3]. The 
different behavior can be tentatively attributed to the different spin values of the interacting 
magnetic moments, i.e. "quantum spins" s = 1/2 for {V6} and "classical spins" s > 1/2 for 
{Mn3} although a rigorous treatment of this problem is still lacking. 
In summary, we have presented proton NMR and relaxation measurements in a Heisenberg 
trinuclear spin system {Mn3}. Both the 1H linewidth and NSLR are found to be sensitive 
probes of the collective magnetic properties of Mn ion magnetic moments in the compound. The 
linewidth Au is strongly dependent on both the field and temperature and is well understood 
in terms of inhomogeneous broadening due to the nuclear-electron dipolar interaction. The 
enhancement of Tf1 at low temperatures is interpreted in terms of slowing down of the AF 
collective fluctuations. 
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13 SUMMARY AND CONCLUSIONS 
The experimental investigation presented in this manuscript falls into a broad experimental 
effort aimed at understanding the magnetic properties of molecular nanomagnets. More specif­
ically we have employed nuclei as well as muons as local probes of the microscopic magnetic 
properties of these molecules. This is made possible because the nuclear magnetic moments are 
coupled via hyperfine interaction to the electronic magnetic moments and thus by measuring 
the nuclear magnetic parameters it is possible to gather information about the local magnetic 
properties of the molecular magnets. Our main interest has been to characterize and describe 
the spin dynamics as a function of temperature and external magnetic field using mainly NMR 
and less extensively MusR. For this we have selected a large variety of magnetic molecules 
with different spin values, topologies and exchange couplings and we have extensively investi­
gated the nuclear spin lattice relaxation rate T-f1 as a function of temperature and externally 
applied magnetic field. The various molecules investigated in this work can be divided in two 
fundamental subgroups: 
(1) molecules in which the exchange coupling between the spins and their spatial topology 
leads to a low temperature non magnetic ground state of total spin St = 0(V12, CsFeS, Cr8, 
FelO, Fe6, Fe30); 
(2) molecules in which the the exchange coupling and spatial topology of the spins lead to a 
low temperature magnetic ground state of total spin St # 0 (Fe4, V6, V15, Mn3). 
Our efforts have been devoted in particular to the study of spin dynamics in the high and 
intermediate temperature range (i.e. J > ksT and J — fcflY') and less extensively to the low 
temperature regime (i.e. J < ksT). Let us shortly summarize and discuss the main features 
which emerged from this work. 
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The slow decay in time of the spin-spin correlation functions emerges as a prominent feature 
from the field dependence of T^1 at high temperature (J > k^T) for all molecules investigated. 
At high temperature the magnetic moments in each molecule are weakly correlated and the 
temporal behavior of the correlation function and hence of the relaxation rate Tf1 can be 
attributed to the finite size of the system (see Chapter 2). 
The detailed investigation of the spin dynamics in the intermediate temperature range (J ~ 
ksT) revealed several different issues. For the case of a system of four spin s=l/2 (quantum 
spins) on a square we showed how it is possible to rely on a exact calculation of the correlation 
function to describe in a first approximation the T dependence of the relaxation rate T-j-1, 
as reported in Chapter 5. The H dependence of the correlation function and hence of the 
relaxation rate was reproduced simply by extending the high temperature field behavior, asso­
ciated with the long time persistence of the correlation function, to the temperature regime in 
which the spins begin to be more strongly correlated. On the other hand for those magnetic 
molecules which are comprised of spins with value s> 1/2 (classical spins) the observation of 
an enhancement of the nuclear spin-lattice relaxation rate as a function of temperature and the 
presence of a peak in the data it was not possible to use the same simplified description. The 
presence of this peak was shown to be a universal feature for all types of molecules (Chapter 
6, 7, 9, 10, 12). We clearly evidenced this universality by directly comparing the Tf1 results 
of different molecular magnets with non magnetic ground state St = 0 as reported in Chapter 
6 and Chapter 7. We must emphasize the fact that the presence of this maximum is also 
observed in those molecules with magnetic ground state St i1 0 as reported in Chapter 9, 10, 
11 and 12. A initial tentative explanation of this enhancement and the presence of a maximum 
in Tf1 relied on the idea that as the temperature of the system is lowered the spins become 
progressively more correlated (&#T ~ J) and therefore the local spin fluctuations begin to 
slow down and this slowing down is reflected on the relaxation rate behavior in a manner 
similar to what can be observed in macroscopic magnetic systems close to a magnetic phase 
transitions. However, recent theoretical results and more experimental data in AFM rings with 
St = 0 ground state have suggested a different explanation. In fact, as a consequence of the 
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discretization of the energy levels in these finite systems, the nuclear spin-lattice relaxation 
probes only the spectral density around zero frequency ("elastic peak" ) which is not affected 
by the growth of the dynamic pair correlation functions. Therefore the peak in T-f1 observed 
at temperature T ~ J/fcs is simply due to the temperature dependence of the broadening OJQ 
of the "elastic peak", defined in Chapter 5, which reaches the value of the nuclear Larmor 
frequency. As the temperature is lowered (ksT < J) we observe in all cases a steep decrease of 
the relaxation rate Tf1. In fact as the system approaches the maximum thermal occupation 
of the ground state the spin fluctuations responsible for the nuclear relaxation become pro­
gressively slower and are no longer able to contribute significantly to the relaxation process. 
For those molecules with St = 0 we were able to estimate the size of the gap A between the 
ground state with St = 0 and the first excited state with St = 1 by assuming that the drop 
in T{1 can be reproduced through a thermally activated exponential law of the type e_A/feBT. 
The result seemed in most cases to yield values which are comparable to the ones obtained 
through susceptibility measurements but also point out the fact that we must rely on a more 
detailed theory of the spin dynamics to understand the discrepancies. Since we are able to 
semiquantitatively explain the T and H dependence of the relaxation rate for a system of 
four spins s=l/2 described in Chapter 5, we performed a detailed low temperature study of 
the relaxation rate for this sample and showed how the results obtained for the gap A are in 
perfect agreement with those obtained from susceptibility measurements. In addition we also 
took into account the field dependence of the data and showed how the gap A vs H follows 
the expected Zeeman law. 
Another issues that has been addressed in this work is the effect of spin topology on the re­
laxation rate. For this reason we have performed a study and comparison of the relaxation 
rate data in different triangular spin arrangements as reported in Chapter 9, 10 and 11. In all 
cases the spin dynamics can be qualitatively understood by considering the different exchange 
coupling pathways and the value of the spin s of each ion in the molecule. 
Although much experimental effort has been devoted to the use of muon rotation spectroscopy 
as probe of the spin dynamics in molecular magnets, we reported here only the results of a 
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very low temperature study aimed at observing the level crossing effects in the case of the 
Fe30 molecular magnet, as reported in Chapter 8. Much theoretical effort should be devoted 
to the interpretation of the MuSR experimental results which appears to be a very useful and 
complementary microscopic probe of the spin dynamics of molecular magnets. 
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APPENDIX 
(1) V12(Chapter 5) 
Chemical Formula: (NHEt3)[V£yV^As804o(H20)]H20 =(V12) 
Ion Viv with Spin=l/2 
Main AFM exchange coupling ~ 17.6K 
Ground state: St = 0 
(2) Cr8 (Chapter 6) 
Chemical FormukuCrsFgPivis 
Ion Cr111 with Spin=3/2 
Main AFM exchange coupling ~ 17.2K 
Ground state: St = 0 
(3) Fe6 (Chapter 6) 
Chemical Formula: LiFe6(0CH3)i2(Ci5Hn02)6]+CL0j 
Ion Fe/7/ with Spin—5/2 
Main AFM exchange coupling ~ 17.6K 
Ground state: ST — 0 
(4) FelO (Chapter 6) 
Chemical Formula: [Feio(OCH3)2o(C2H2()2Cl)io] 
Ion Fein with Spin—5/2 
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Main AFM exchange coupling ~ 17.6K 
Ground state: St = 0 
(5) Fe30 (Chapter 7) 
Chemical Formula: 
Mo72Fe30O252(Mo2O2(H2O))2(Mo2O8H2(H2O))(CH3COO)i2(H2O)9r 150(H20) 
Ion Fe111 with Spin=5/2 
Main AFM exchange coupling ~ 1.6K 
Ground state: St = 0 
(6) Fe4 (Chapter 8) 
Chemical Formula:Fe4 (0CH3 ) (dpm)e 
Ground state: St = 5 
(7) V15 (Chapter 9) 
Chemical Formula: K6[Vi5As6042(H20)]-8H20= V15 
Ground state: St = 1/2 
(8) V6 (Chapter 10) 
Chemical Formula: 
(A) (CN3H6)4Na2[H4V^08(P04)4(0CH2)CCH 20H2]-14H20=V6 
(B) Na6[H4V^08(P04)4(0CH2)3CCH20H 2]-18H20= V6(2) 
Ground state: St — 1/2 
(9) Mn3 (Chapter 11) 
Chemical Formula: [Mn30(02CCH3)6(C5H5N)3]-CsH5N=Mn3 
Ground state: St = 1/2 (doubly degenerate) 
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